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ABSTRACT
Xu, Yang PhD, Purdue University, August 2018. Quantum Transport in Threedimensional Topological Insulators. Major Professor: Yong P. Chen.
In this thesis, I will describe our electrical transport approach in studying threedimensional topological insulators (3D TIs). A 3D TI is a quantum material characterized by a gapped bulk and gapless surface states that are topologically protected
by time reversal symmetry, thus immune to backscattering. It provides an excellent
platform to pursue a plethora of exotic physics and novel device applications such
as spintronics. However, in most of the prototypical 3D TIs (like Bi2 Se3 , Bi2 Te3 ,
and Sb2 Te3 ), the bulk carriers always unavoidably present and overwhelm the surface
conduction in transport measurements.
Here, taking advantage of material engineering, we have successfully grown an
intrinsic 3D TI crystal, BiSbTeSe2 (BSTS), which has robust topological surface states
(TSS) and demonstrated by our experiments to have negligible bulk conduction at
low temperatures or even at room temperature in thin samples. In the presence of
high perpendicular magnetic field, we have observed well-defined quantum Hall (QH)
effect arising from the 2D TSS on flake devices (prepared by the so called“Scotch
tape method”) with thickness even above ∼100 nm. Furthermore, to have a fully
control over the 3D TI samples with both top and bottom surfaces possessing a single
species of spin-helical massless Dirac fermions, we fabricated dual-gated BSTS devices
with the capability of gating the two surfaces independently. Such a controllable
system enables us to explore minimum conductivity σmin at the double Dirac point
(when both surfaces are tuned to the Dirac point or charge neutrality point) and twospecies (two-component) Dirac fermion QH effect of electron+electron, electron+hole
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and hole+hole types, involving various combinations of top and bottom surface halfinteger filling factors νt and νb .
Later we attempt to push the BSTS sample thickness into thin limit and observe
more exotic phenomena. When the sample thickness is lowered to ∼10 nm, we find
a gap opening at the double Dirac point, presumably due to the hybridization effect
between the two surfaces. The surface band diagram then is modified into a massive
Dirac dispersion. Such a hybridization gap responses to perpendicular and in-plane
magnetic field very differently. Upon applying a perpendicular magnetic field, where
orbital effect dominates, we observe a linear splitting and growth of the zeroth Landau
level (LL). The realistic band structure of BSTS has to be considered in order to
understand such an effect. However an in-plane field tends to drive the system back
into a semi-metallic states and gives rise to an large negative magnetoresistance (MR).
This observation supports a predicted effect of an in-plane magnetic field to reduce
the hybridization gap and eventually restore and split again the Dirac points in the
momentum space, inducing a distinct 2D topological semimetal (TSM) phase with 2
single-fold Dirac cones of opposite spin-momentum windings.

1

1. INTRODUCTION
1.1

Quantum Hall Effect
For a long period, principles of symmetry breaking have been successfully clas-

sifying most of the states of matter. However, the discovery of quantum Hall effect
(QHE) in the 1980s brought a new paradigm for studying topology and symmetry
protected topological states in condensed matter systems. In this section, we briefly
introduce the classical Hall effect and its quantum version, QHE as the first example
of a topological state of matter.

1.1.1

Classical Hall Effect

The Classical Hall effect was first introduced by Edwin Hall in 1879 [1]. Since
then it has become a typical method used for extracting the charge carrier type (n
or p), concentration n and mobility µ of a conducting material. Basically, under
the application of a perpendicular magnetic field (B), a conductor would generate a
transverse voltage (called Hall voltage VH or Vxy ) when an electric current (I) flows
though the longitudinal direction (thus a voltage Vxx developed). The longitudinal
and transverse resistance can be measured as Rxx = Vxx /I and Rxy = Vxy /I, respectively. In a simple Drude model with just one carrier type (electron or hole), the
Hall voltage and resistance grow linearly with the external magnetic field, thus Hall
coefficient RH can be defined and expressed as:
RH = Rxy /B = −

1
ne

(1.1)

with e being the magnitude of an elementary charge. The Hall mobility µ then can
be derived as the zero-field resistivity ρx x = Rxx ∗ wt/l = 1/µne is known (l, w, t
being the channel length, width, thickness respectively). Such method was applied
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to our 3D TI system in determining some of the samples’ basic electrical transport
properties.
More generally, in a semiconductor system with both electrons and holes present
or in a non-ideal 3D TI system involving more than one channel (such as both bulk
and surface [2], two non-equivalent surfaces, or both TSS and trivial two-dimensional
electron gas 2DEG, due to bend bending) [3] contributing to the conductance, the
expression for Hall coefficient would be more complex and usually a two-carrier model
can be applied. Nevertheless, in a classical system the plot of Hall resistance as a
function of the external magnetic field looks smooth, in distinction to the step-like
feature in a QHE.
The concept of Hall effect has been extended to a whole set of “Hall family”,
including the classical Hall effect, anomalous Hall effect, spin Hall effect, valley Hall
effect, etc., and each with their quantum versions. Spin-orbital coupling plays a
crucial role in the anomalous Hall effect [4] and spin Hall effect [5]. I will also briefly
introduce some of those quantum versions, like the quantum anomalous Hall effect
and quantum spin Hall effect (also referred as 2D TIs).

1.1.2

QHE in a conventional 2DEG

The integer quantum Hall effect (QHE) was first discovered in a 2DEG in 1980 [6]
and classified as a new quantum state that is topologically distinct from all states of
matter studied before [7]. In a QHE, the precise quantization of Hall conductance
into a integer multiple of e2 /h ( ∼1/25812.8 Ω−1 ), insensitive to the sample geometry
or microscopic details of the material, has been used as a resistance metrology and the
estimation of fundamental constants. Soon after the discovery of the integer QHE, D.
Cui et al. [8] reported the fractional QHE, which is a many-body effect and involves
the electron-electron interaction.
Here, by conventional 2DEG, I mean the two-dimensional electron systems that
people have been studying the QHE since the 1980s, including metal oxide semicon-
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ductor field effect transistors (MOSFET) and superlattice heterostructures (such as
Ga1−x Alx As grown by molecular beam expitaxy technique) [9]. Normally, the energy
E of qusiparticle electrons in those systems is an analogue of the kinetic energy in
free space with a renormalized effect mass m∗ ,
E=

h̄2 2
k
2m∗

(1.2)

, where k is the wavevector. The E − k relation has a quadratic dispersion. Under a
perpendicular magnetic field, it’ll develop into discrete Landau levels. By solving the
Schrödinger equation, one would get the expression of the discrete energy level EN :
h̄eB
1
1
(N + ),
EN = h̄ωc (N + ) =
∗
2
m
2

N = 0, 1, 2, 3...

(1.3)

where ωc = eB/m∗ is the cyclotron frequency. Experimentally at sufficiently low
temperature (kB T ∼ h̄ωc ), one would observe a Hall quantization Rxy = Vxy /I =
h/νe2 concomitant with vanishing of the longitudinal resistance Rxy in a typical Hallbar measurements when the Fermi level is within the gap of two Landau levels (See
Fig.1.1), where ν (=i=N+1=1, 2, 3... for integer QHE) is the Landau level filling
factor (not considering the disorder induced LL broadening here). The Hall resistance
Rxy exhibits a staircase sequence of plateaus, with ν denoting the number of Landau
levels occupied.
The QHE can be understood by an edge state picture (see Fig. 1.2), where
Fermi level intercepts the Landau levels only near the sample edge, giving rise to
one-dimensional (1D) ballistic edge channels. The trajectory of an electron moving
along the edge is known as skipping orbit, in which backscattering over large distance
compared with the cyclotron radius is suppressed (Fig. 1.2b).

1.1.3

“Half-integer” QHE of graphene

The first well-known 2D electronic system of massless Dirac fermions is graphene,
which is formed by a single atomic layer of carbon atoms in hexagonal structure
[11]. The low energy band follows a linear E − k relation at low energy (see Fig.
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Fig. 1.1. Experimental measurements of the Hall resistance Rxx and the
longitudinal resistance Rxx for a GaAs/AlGaAs heterostructure at temperature T=0.3 K. Inset is a schematic of a typical Hall-bar measurement
setup. QHE data is taken from Ref. [10].

Fig. 1.2. (a) Energy spectrum of a 2DEG in a magnetic field, corresponding to two occupied Landau levels (ν=2). The confining potential at the
edge of sample produces an upward bending of the Landau levels, intercepting the Fermi level. (b) Quasiclassical skipping orbits along the edge
of a sample in presence of a localized impurity.

1.3a), with the conduction and valence bands meet at the so called Dirac point,
distinct from a conventional electronic system (for example, 2DEG discussed above).
The Landau levels of 2D massless Dirac fermions have the energy form of EN =
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sgn(N )vF (2eBh̄|N |)1/2 , where sgn is the sign function, vF is the Fermi velocity, and
N is the LL index (positive for electrons and negative for holes). The zeroth Landau
level at E0 = 0 (also the energy for Dirac point) is equally shared between electrons
and holes, giving rise to the half-integer shift in the quantized Hall conductivity
σxy = g(N + 1/2)e2 /h, where g is the number of degenerate species of Dirac fermions.
Graphene has 2 spin and 2 valley degeneracy, thus g = 4 (see Fig. 1.3b for the QHE
in graphene). For the topological surface state (TSS) of a 3D TI that we will discuss
later, it only has one spin helical Dirac cone, thus g = 1 for one surface. The 1/2
shift can also be related to the Berry’s phase π due to the spin or pseudospin locking
to the momentum of Dirac fermions.

Fig. 1.3. (a) Energy spectrum of graphene. The Dirac cones of the conduction band and valence band touch each other at the K (K’) point of
the Brillouin zone. Right: zoom in of the energy bands near Dirac point.
From ref. [11]. (b) “Half-integer” QHE in graphene. From ref. [12].

We need to note that such “half-integer” QHE is described by a single-particle
picture and not related to the fractional QHE [8] which a many-body phenomenon
due to strong electron correlations.
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1.2

Topological states of matter
The precise quantization of Hall signal with the integer also can be understood by

the fact that it is topological states of matter characterized by a topological invariant,
or so called Chern number [7]. In a topological phase, certain fundamental properties,
such as the quantized Hall conductance and the number of edge modes in a QHE, are
independent of material details and insensitive to smooth deformation of the system
(such as small density change or disorders) unless the system passes through a quantum phase transition. The study of QHE has lead to a new classification paradigm
of states of matters, topological materials [13, 14]. In the last few years, many new
materials belonging to different topological classifications have been theoretically predicted and experimentally verified. Typical examples are 2D TIs, 3D TIs, topological
crystalline insulators, topological Dirac semimetals and Weyl semimetals.
Different from the QH states that explicitly break time-reversal symmetry, the 2D
and 3D TI belong to a class that is invariant under time reversal, where spin-orbit
coupling (SOC) and band inversion play essential roles. The 2D TI state (also referred
as quantum spin Hall state) is discovered first in HgTe/CdTe quantum wells [15], then
InAs/GaSb quantum wells [16] and recently in monolayer 1T’-WTe2 [17, 18]. It is a
2D topologically nontrivial state with a fully insulating bulk, accompanied by a pair
of 1D edge states with opposite spins propagating in opposite directions. I will mainly
introduce 3D TI and briefly discuss other topological materials in the following parts.

1.2.1

3D topological insulators

A three-dimensional topological insulator (3D TI) is characterized by an insulating
bulk band gap and gapless conducting topological surface states (TSS) of spin-helical
massless 2D Dirac fermions. The conducting edge in a 3D TI is a closed 2D surface
while in a 2D TI it is tne 1D edge channel. Simple versions of 3D TI materials have
been first found in Bix Sb1−x (x in certain range), Bi2 Se3 , Bi2 Te3 and Sb2 Te3 , and
considered to be prototypical 3D TIs [13, 14]. Historically those bismuth/antimony-
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based chalcogenides have been studied for a long time but mostly from the perspective
of thermoelectric properties [19]. Only until recent years has their profile as a 3D TI
been discovered. 3D TI has also been reported in strained HgTe [20]. There are also
some other TI candidates such as SmB6 [21] and ternary Heusler compounds [22].

Fig. 1.4. (a) Band structure of Bi2 Se3 measured by ARPES. (b) The
Fermi surface of TSS exhibits a chiral left-handed spin texture. (c) The
computed band structure of Bi2 Se3 . The lines denote surface states while
shaded regions are bulk states. (d) Schematic of spin-polarized surfacestate dispersion of a typical 3D TI. From ref. [13].

There are a lot of potential applications and novel physics of topological insulators.
For example, the spin-momentum locking of the TSS promises for current-driven
spintronics. A magnetic gap on the surface state can lead to an exotic quantum
anomalous Hall state [23, 24] and topological magnetoelectric effect [25]. The TSS in
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proximity with s-wave superconductors would lead to a state that supports Majorana
fermions [26], which have the potential for building topological quantum computers.
The experimental demonstration of 3D TI was first done by angle-resolved photoemission spectroscopy (ARPES) method (see Fig. 1.4a for an example). The ARPES
data clearly resolved the spin-polarized Dirac cone. However, the prototypical 3D TIs
(such as Bi2 Se3 , Bi2 Te3 ) are usually suffering from unintentional impurity doping, in
which bulk carriers unavoidably present and overwhelm the topological surface states
(TSS) in transport studies. There are a lot efforts trying to lower the bulk contribution to observe truly TSS dominated transport signatures. Several strategies are
commonly applied. 1) Chemical doping, such as adding Ca substitution for Bi in
Bi2 Se3 to compensate the electrons created by Se vacancies [27]. 2) Lowering the
surface to bulk ratio, such as fabricating thin film and nanostructures. 3) Electrical
gating [28]. Through these efforts, people have been able to observe for example,
weak-antilocalization [28], Shubnikov-de Haas (SdH) oscillations [2] and an ambipolar electric field effect [29] from the TSS. An example of developing QHE from TSS
has only been reported in strained HgTe [20].
However, there are still remaining issues regarding previous studies of 3D TI
materials. First of all, most of the TI materials get oxidized or degrade easily in
air. People have to do fresh cleavage [30] or encapsulation (like a capping layer)
[30] before measurements to restore or preserve TSS. Second, the efforts of achieving
thin TI samples often led to increased defects and degraded mobility, thus making
it difficult to probe the quantum regime of the TSS. Third, few studies have been
performed in dual-gated geometry to probe the transport of a fully controlled TI
system with two species of Dirac fermions from top and bottom surfaces respectively.

1.2.2

An “intrinsic” 3D TI BiSbTeSe2

Recently, ternary and quaternary tetradymite TI materials such as Bi2 Te2 Se and
Bi2−x Sbx Te3−y Sey have been found to exhibit large bulk resistivity and more intrin-
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sic behaviors [30–34]. Here, “intrinsic” means “compensated” and the bulk carriers
should freeze out at low temperatures. We have grown high-quality single crystals
of Bi-Sb-Te-Se solid solution with Bi:Sb:Te:Se ratio of 1:1:1:2 by vertical Bridgman
method (discuss in details in Chapter 2), referred to as BiSbTeSe2 (abbreviated as
BSTS for simplicity) in this thesis. Various material characterizations have been performed on our BSTS crystals, including the confirmation of the TI nature by the
ARPES, revealing the Dirac TSS band with the Dirac point well-isolated from the
bulk bands and located close to the Fermi level (EF ), and measurement of a large bulk
bandgap of ∼0.3 eV by scanning tunneling spectroscopy (STM), all in good agreement with previous measurements in this material system. Hall coefficients measured
in relatively thick crystals at low temperature indicate the bulk carrier density to be
negligibly small (on the order or below the extracted effective 3D carrier density of
∼1015 cm−3 that mostly come from the surface) and at least an order of magnitude
lower than the lowest value reported in similar TI systems previously [32, 35, 36].
Typical Hall mobility is about a few thousand cm2 /Vs in our samples.
It’s been shown by transport measurements that BSTS has very robust surface
states. The surface does not degrade or oxidize quickly in air, given that the measurements of the same sample after several months’ storage in ambient condition
show pretty similar surface-dominant transport behavior. By measuring samples
with thickness varied by three orders of magnitude (tens of µm to tens of nm), we
demonstrated that our 3D crystals have thickness-independent sheet resistance at
low temperatures (<∼50 K), directly revealing the expected topological transport
behavior of a 3D TI where the bulk is insulating and all conduction occurs at the 2D
surface and is thus thickness-independent. In thin samples (<∼100 nm), the surface
conduction dominates even close to room temperature, while the bulk conduction
that plagued most previous TI experiments is negligible. At low temperatures and
high magnetic fields perpendicular to the top and bottom surfaces, we observe wellquantized Hall plateaus in the Hall resistance, where the two parallel surfaces each
contributing a half integer e2 /h quantized Hall conductance, accompanied by the
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vanishing of longitudinal resistance. When the bottom surface is gated to match the
top surface in carrier density, only odd integer QH plateaus are observed, representing a half-integer QHE of two degenerate Dirac gases. More details can be found in
Chapter 2.
Furthermore, we fabricate dual-gated TI devices from exfoliated BSTS flakes. The
independent, ambipolar gating of the parallel-conducting top and bottom surfaces realize two independently-controlled species of 2D Dirac fermions, allowing us to investigate such interesting transport phenomena as the minimum conductivity (∼ 4e2 /h in
relatively thick BSTS samples) of TSS at the Dirac point (DP), and two-species (twocomponent) Dirac fermion QHE of electron+electron, electron+hole and hole+hole
types, involving various combinations of top and bottom surface half-integer filling
factors νt and νb . When (νt , νb )=(−1/2, 1/2) or (1/2, −1/2), there’s a intriguing ν=0
state characterized by zero Hall plateau and a large longitudinal resistance peak, attributed to the formation of dissipative and non-chiral edge states. We performed
non-local transport measurements and compared that with the normal local measurements to probe the nature of the edge states for both standard QH states and the
novel ν=0 dissipative QH-like states. We further demonstrated that the dissipative
edge states at ν=0 have temperature-independent conductance, revealing that the
transport in such a quasi-1D dissipative metallic edge channel could evade standard
localization. A fully discussion will be in Chapter 3.
Our revelation of the sought-after surface state “half-quantized” quantum Hall
conductance, gives the most remarkable “smoking gun” transport signature of the
topologically-nontrivial transport, and offers the first and direct measurements of the
topological invariant (Chern number) in transport measurements in TIs. The dualgating structure is also promising for exploring exciton condensation proposed for
very thin TIs [37] and topological quantum phase transitions induced by displacement
electric field [38].
Later we push BSTS into thin limit to explore the surface coupling effect. We
found that when reducing the sample thickness to ∼10 nm, a transport gap opens
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at the double DP, presumably due to the hybridization between the top and bottom
surfaces. Such hybridization modifies the TSS into a massive Dirac dispersion. When
such a sample is brought into QH regime with a large perpendicular magnetic field,
the zeroth Landau levels of the two surfaces avoid crossing, giving rise to a ν=0 state
(different from the above inversion-symmetry-broken ν=0 state) that again characterized by a zero Hall plateau and σxx dip (or Rxx peak). The zeroth LL splitting
grows linearly with the B fields. We’ll describe more details in Chapter4.

1.2.3

Other topological materials and states

There are also other topological materials besides 2D and 3D TIs, such as topological crystalline insulators, Dirac and Weyl semimetals. I would only briefly introduce
them in this section and discuss about their relation with TIs.
Topological crystalline insulators (TCIs) are first proposed by Fu [39] in 2008 and
later observed by experiments in Pb1−x Snx Se [40] and related materials. In a TCI,
there are also helical surface states exhibiting Dirac dispersion across the bulk band
gap. However, the crystalline symmetry takes place of time-reversal symmetry in
ensuring the topological protection.

Fig. 1.5. The topological Dirac/Weyl semimetal phase may be realized at
the quantum critical point in the topological phase transition for a normal
insulator to a TI. Figure adapted from ref. [41].

12
The revelation of topological Dirac and Weyl semimetals have broadened the classification of topological phases of matter beyond insulators [42]. The Dirac semimetal
is a natural 3D counterpart of graphene, possessing 3D Dirac fermions in the bulk.
In other words, the energy bands disperse linearly along all (three) momentum direction, with the conduction bands touching the valence bands only at the Dirac point.
The 3D Dirac fermion in a Dirac semimetal is composed of two overlapping Weyl
fermions (chiral massless particles) that has opposite chirality and can be separated
in momentum space if either time-reversal or inversion symmetry is broken, resulting
in a Weyl semimetal [43]. Interestingly, the surface states of a Dirac/Weyl semimetal
take the form of Fermi arcs connecting the projection of bulk Dirac/Weyl nodes in
the surface Brillouin zone. Dirac semimetals include materials such as Na3 Bi [41, 43]
and Cd3 As2 [44]. Weyl semimetals are such as TaAs [45].
The Dirac/Weyl semimetal phase could also exist near the topological phase transition from a band insulator to a 3D TI by breaking symmetries at the critical point
(see Fig. 1.5) [46]. Or a Weyl semimetal can be constructed by stacking thin films
of magnetically doped 3D TI [47]. This provides a way in realizing Weyl semimetals
from the phase transitions of a 3D TI.

Fig. 1.6. Evolution of the surface band structure with the hybridized
surface states from a trivial insulator to a 2D topological semimetal (TSM)
phase, upon increasing the in-plane B field in a thin TI sample. The gap
totally closes at a critical field Bc
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A 2D topological semimetal (TSM) phase has been predicted to be induced by an
in-plane magnetic field in thin 3D TIs with hybridization gap opening (schematics
shown in Fig. 1.6) [48]. The in-plane magnetic field plays a role to split and separate
the top and bottom surface Dirac points in the momentum space and prohibit their
mutual annihilation, resulting in the 2D TSM phase that provides a 2D analogue of
Weyl semimetals (even though strictly speaking Weyl fermions cannot be defined in
even spatial dimensions [42]. Experimentally, we observe that an in-plane magnetic
field can drive the insulating samples towards a metallic behavior, with a prominent
negative magnetoresistance (MR, up to ∼-95%) and a temperature-insensitive resistivity close to h/2e2 at the charge neutral point. Our result is in general agreement
with the theoretical proposal while more details and discussions will be provided in
Chapter 5.

14

2. ELECTRONIC PROPERTIES OF AN INTRINSIC 3D
TOPOLOGICAL INSULATOR
In most commonly studied TI materials such as Bi2 Se3 , Bi2 Te3 and other Bi/Sbbased chalcogenides, it is often challenging to observe characteristic TSS transport
(particularly QHE) due to bulk conduction caused by unintentional impurity doping.
Here, we’ll show that in our 3D TI material BiSbTeSe2 (BSTS), the bulk conduction
that plagued most previous TI experiments is negligible at low temperatures. In
high magnetic field, we observed well-defined “half-integer” QHE arising from the
topological surface states (TSS). The results are published in Nature Physics [49].

2.1

Crystal growth and characterization
Bulk single crystals of nominal composition BiSbTeSe2 were grown by the vertical

Bridgman technique from appropriately weighted starting materials in a two-zone
high-temperature furnace (see Fig. 2.1a) in the bulk crystal growth lab of the Purdue
physics department (courtesy of Ireneusz Miotkowski). The value of temperature
profile in the growth zone was regulated by changing the distance between heating
zones. All the syntheses were performed in closed graphitized fused quartz ampoules
evacuated for several hours, and sealed off under a dynamic vacuum of 10−8 torr.
After a preliminary reaction at 400 ◦ C, followed by a slow heating up to 770 ◦ C for
approximately 6 hours, the melt was allowed to homogenize for 24 hours under high
linear temperature gradient to promote mixing. The melt was solidified with a rate
of about 1 mm/hour at the linear gradients of 20-50 ◦ C/cm.
The crystal can be easily cleaved along the plane perpendicular to c-axis by using
a razor blade (see Fig. 2.1b and 2.1c), resulting in flat and big shiny surfaces. We have
performed structural characterization on BSTS. A X-ray diffraction (XRD) spectrum
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Fig. 2.1. A vertical furnace been used to grow 3D TI single crystals. (b) A
big chunk of BSTS crystal. (c) A big piece of BSTS crystal cleaved from
the “mother” crystal. Grown by Ireneusz Miotkowski (Purdue Univ.).

Fig. 2.2. (a) XRD measured on a BSTS crystal (courtesy of John Coy).
(b) Molar percentage of Bi, Sb, Te, Se in 12 different samples measured
by EDS (courtesy of Jifa Tian). Inset is an example of the EDS mappings
in a small area.

measured from a bulk crystal, in good agreement with previous XRD measurements
[34] in this material system and indicating high quality of the single crystal (Fig.
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Fig. 2.3. Band structure and Fermi surface of BSTS measured by angle
resolved photoemission spectroscopy (ARPES), courtesy of Chang Liu,
Nasser Alidoust and Prof. M. Zahid. Hassan at Princeton University.
ARPES measurements were performed at Beamline 10.0.1 (HERS) of the
Advanced Light Source, Berkeley, California, using a VG-Scienta R4000
electron analyzer. Energy resolution was set to ∼20 meV. Samples were
cleaved in situ and measured at 20 K under a vacuum condition better
than 4 × 1011 Torr. (a), (b) The measured band structure (binding energy
E vs momentum k map) of BSTS along K − Γ − K (a) and M − Γ − M
(b) directions, respectively. The blue dashed lines are guides to the eye to
highlight the linearly dispersive Dirac topological surface states (TSS) in
the bulk band gap, with the Fermi level (EF ) indicated by the horizontal
black dashed line. (c), (d) The Fermi surface map of BSTS measured at
the Fermi energy (EF , binding energy=0 eV, c) and binding energy of 0.1
eV (d). The point-like Fermi surface in (c) indicates that EF is located
very close to the Dirac point of TSS. The star-like features in (d) are
associated with bulk valence band.

2.2a). The crystal was oriented with the scattering vector perpendicular to the (100)
family of planes.
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The Molar percentage of Bi, Sb, Te, Se at 12 random positions from several pieces
of BSTS crystals measured by elemental energy-dispersive X-ray spectroscopy (EDS)
is shown in Fig. 2.2b. The EDS microanalysis was performed in an environmental
scanning electron microscope (FEI Quanta 3D FEG Dual-beam Scanning electron
microscope, SEM), operating at 10 to 15 kV with a working distance of 10 mm. The
ratio of the four elements is close to the nominal stoichiometric ratio of 1:1:1:2, and
shows fairly homogeneous distribution.

Fig. 2.4. Differential conductivity dI/dV (red) and associated d2 I/dV 2
(black) measured on our BSTS at 77 K, using STM. Both zero of d2 I/dV 2
and minimum of dI/dV at zero bias consistently point out that the Dirac
point (DP) and the Fermi level coincide, marked by a red arrow. The
two dashed blue lines guide the linear dispersion of TSS, which appear as
plateaus of d2 I/dV 2 curve around zero bias. The top of bulk valence band
(BVB) and bottom of bulk conduction band (BCB), marked by green- and
blue-arrows respectively are easier to identify from the d2 I/dV 2 spectrum.
Based on the STS spectrum, we can extract a bulk band gap of 0.3 eV and
a DP-BVB separation 0.1 eV. The measurement is courtesy of Hyoungdo
Nam and Prof. Chih-Kang Shih.
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The TI nature of our BSTS crystal have been revealed by the angle-resolved
photoemission spectroscopy (ARPES, Fig. 2.3), showing the Dirac TSS band with a
well-isolated Dirac point located close to the Fermi level (EF ). Note that the ARPES
can not resolve the band structure above the Fermi level, so only the valence band of
the TSS are shown in Fig. 2.3. The scanning tunneling spectroscopy has measured
the bulk bandgap of 0.3 eV (Fig. 2.4).
All these characterization has shown that our BSTS crystal are promising for
observing surface-dominant transport properties, which will be presented in the following sections.

2.2

Sample preparation and transport measurement techniques

Fig. 2.5. (a) An image of three BSTS bulk devices with indium contacts
on a 16-pin G10 chip carrier for electrical transport measurements. (b)
An image taken under an optical microscope of two BSTS flake devices.

In order to perform electrical transport measurements on BSTS, we fabricated
samples into two forms, bulk devices and relatively thinner flakes on substrates. The
bulk devices (thickness>1 µm) are cleaved from the “mother crystal” (Fig. 2.1b) with
razor blades and then cut into rectangular shapes, followed by making electrical connections with multiple indium contacts and gold wires (Fig. 2.5a). The thicknesses of
bulk samples are measured by taken an optical image of the cross section under a microscope. Thinner flakes (<∼500 nm) are mechanically exfoliated onto Si substrates
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(with 300-nm-thick SiO2 coating) by a typical “Scotch tape” method (exploited for
the discovery of monolayer graphene [50]). The thickness of a nanoflake is measured
by atomic force microscopy. The Cr/Au electrodes for the devices on exfoliated flakes
are defined by standard electron-beam lithography and metal evaporation (see Fig.
2.5b).
Transport measurements were performed either in a variable temperature insert
(VTI) system, with the temperature variable between 1.6 K and 300 K and equiped a
superconducting magnet (up to 6 T), or in a helium-3 system with base temperature
down to 350 mK and magnetic field up to 31 T (in the National High Magnetic Field
Laboratory at Tallahassee, FL). Both types of devices have a six terminal quasiHall-bar geometry. Four-terminal longitudinal (Rxx ) and Hall (Rxy ) resistances were
measured with the standard lock-in technique and low-frequency (<20 Hz) excitation
current of 1 µA (bulk devices) or 100 nA (thin flake devices). Then we can extract
the corresponding 2D resistivities ρxx = Rxx ∗ (W/L) = Rsh (with Rsh being the sheet
resistance, W and L the channel width and length for our quasi-Hall-bar devices),
ρxy = Rxy , and conductivities σxx = ρxx /(ρ2xx +ρ2xy ), σxy = ρxy /(ρ2xx +ρ2xy ) from tensor
inversion of ρxx and ρxy .

2.3

Surface-dominant transport in BSTS

2.3.1

Thicknees independent conduction

We first discuss transport measurements performed at zero magnetic field (B = 0
T) on BSTS samples with various thicknesses (t). Fig. 2.6(a) shows the temperature
(T ) dependence of the sheet resistance Rsh in 5 selected samples. The thicker samples
(eg., t = 37 µm) exhibit an insulating behavior (attributed to the bulk) at high T
and a saturating and weakly metallic behavior (attributed to the residual metallic
surface conduction after bulk carriers freeze out) at low T . As the thickness t (thus
the bulk portion) is reduced (eg. t=160 and 480 nm), the bulk insulating behavior
weakens and moves to higher T , while the T range for the low-T metallic conduction
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expands. For thinnest samples (t=20 nm), Rsh is relatively T -insensitive and metallic
over the entire T range measured. We also note that while Rsh (attributed to the
bulk) at high T (>∼250 K) is strongly thickness-dependent (from <10 Ω to >2 kΩ),
Rsh (attributed to the surface) at low T (<50 K) reaches comparable values (a few
kΩ) for all the samples despite the 3 orders of magnitude variation in their thickness.

Fig. 2.6. (a) Sheet resistance (Rsh ) measured at zero magnetic field vs
temperature (T ) in 5 devices with different thicknesses. (b) Rsh and 3D
resistivity ρ3D as functions of sample thickness at two typical temperatures. At T =2 K, the sheet resistance exhibits a 2D behavior (relatively
insensitive to the thickness, highlighted by the blue horizontal band). The
dashed line and red horizontal band represent expected behaviors for Rsh
and ρ3D of a 3D bulk conductor (our data at 290 K exhibited such 3D
behavior for samples thicker than >∼100 nm).

This contrasting behavior is more clearly seen in Fig. 2.6(b), where we plot
both Rsh (left axis) as well as the corresponding 3D resistivity ρ3D (= Rsh ∗ t) as
functions of thickness (t, for all measured samples) at T =2 K and 290 K (room
temperature). At low T =2 K, Rsh is insensitive to the thickness (ranging from 20 nm
to 52 µm), consistent with the conduction being dominated by the 2D surface (thus
independent with thickness) with little contribution from the bulk. In this case, the
resistivity (ρ3D ) normally used to characterize a 3D conducting material is no longer
well-defined and becomes strongly thickness-dependent, as seen in our data, with ρ3D
approximately proportional to t as indicated by the dotted line. This indicates that
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the ρ3D is not meaningful for an intrinsic 3D TI with completely surface conducting.
On the other hand, at high T =290 K and for samples thicker than ∼100 nm, the
observed behavior becomes well described by that expected of a 3D bulk conductor
(Rsh ∝ 1/t and ρ3D ∼ constant, highlighted by the dashed line and horizontal band
respectively), consistent with the conduction now being dominated by the thermallyactivated carriers in the bulk. Interestingly, even at such high T (room temperature),
the thinner samples (t < 100 nm) still deviate from the 3D behavior, indicating
substantial conduction contribution from the surface.
In order to more quantitatively extract the surface contribution to the total conductance (Gtot ), we fit our Rsh (T ) data to a simple model used in Ref. [51], where
the total (sheet) conductance Gtot (T ) = 1/Rsh (T ) is the parallel sum of a thermally
activated bulk conductance Gb (T ) = t ∗ (ρb0 e∆/kB T )−1 , where kB is the Boltzmann
constant and the fitting parameters ρb0 is the high temperature bulk resistivity and ∆
is the activation energy, and a metallic surface conductance Gsur (T ) = (Rsh0 +AT )−1 ,
where fitting parameters Rsh0 represents a low-T residual resistance (due to impurity
scattering) and A reflects the electron-phonon scattering [51, 52]. We find that this
model gives reasonable good fits to most samples over the full temperature range,
and extract the surface conductance Gsur for samples with different thickness (Fig.
2.7a). In few samples (eg., see Fig. 2.7a, t=80 nm), the fitting is excellent from 300
K down to 50 K, but would not account for a small resistance peak at lower T (∼30
K, where the fit underestimates the data by up to 10%). This peak might be due to
a small part of the sample insulating with a thermal activation gap smaller than the
main bulk activation gap. Each curve was fitted multiple times over different ranges
of temperatures to calculate approximate confidence intervals and error bars (Fig.
2.7b and 2.7c). We find that our A ranges mostly from 1 to 8 Ω/K (average 6 Ω/K),
comparable with a previous measured 3 Ω/K in Bi2 Se3 [53].
Fig. 2.8(c) shows the ratio (Gsur /Gtot ) between the fitted Gsur and the measured
total conductance Gtot as a function of thickness (t) at 3 representative temperatures.
At low T (50 K or below), the surface contribution to the total conductance is nearly
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Fig. 2.7. (a) Fitting for Rsh vs temperature (T ) in 6 selected samples,
using the 2 channel (metallic surface+activated bulk) model described
in the maintext. (b) and (c) show the fit parameters with corresponding error bars with 95% confidence level: bulk thermal activation energy
∆, surface electron-phonon coupling parameter A, low-T residual resistance Rsh0 , high temperature bulk resistivity ρb0 , as functions of thickness
(ranging from 20 nm to 52 µm) for all the 10 samples studied. Note some
fitting have small error bars barely distinguishable in the current y-axis
scale. The bulk channel fitting parameters ∆ and ρb0 from the 20-nmthick sample deviate more from the others likely because the sample is
too thin to accurately extract the bulk contribution.

100% for all the samples (with thickness from <100 nm to >10 µm). Remarkably, in
thinner samples (t< 100 nm) the surface conduction can exceed the bulk conduction
with Gsur /Gtot >60% even at room temperature (T =290 K).
For each fitting parameter, the values for all samples (with widely-varying thickness) are found to be on the similar order of magnitude. The averaged fitting pa-
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Fig. 2.8. (a) Surface to total conductance ratio (Gsur /Gtot ) as a function
of the sample thickness at three representative temperatures. Here Gtot is
the measured conductance and Gsur is extracted from fitting the measured
Rsh vs T . (d) Predicted Gsur /Gtot (shown in color scale) for our BSTS
as a function of temperature and sample thickness. Here Gsur and Gtot
are calculated based on the bulk and surface conductivities averaged from
multiple measured devices. Black dashed curves are contours for a few
Gsur /Gtot values.

rameters (between all samples) ρb0 = (3.5 ± 0.8) × 10−3 Ω·cm, ∆ = 57 ± 4 meV,
Rsh0 = 2.0 ± 0.3 kΩ, A = 6 ± 2 Ω/K can be taken as representative material parameters for our BSTS to predict Gsur /Gtot for any given thickness and temperature, as
shown in the 2D color plot in Fig. 2.8(b). We see that surface-dominant transport
with (Gsur /Gtot >80%) can be achieved in moderate low T (<50 K) for samples up to
macroscopic thickness of 1 mm, or in thin (tens of nm) samples up to room temperature (300 K) in this material system. The extracted bulk thermal activation energy ∆
is larger than 2kB T for T =300 K, which enables surface-dominant transport at room
temperature. We also note ∆ is much smaller than the bulk band gap of 300 meV.
This has been noted in previous measurements in similar materials [32], and may be
a result of impurity states in the bulk gap in the compensation-doped sample (while
spatial variation in the doping can further reduce the observed ∆) [54].
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2.3.2

Low bulk density

We also performed Hall measurement of bulk samples with different thicknesses to
ensure the carriers mostly coming from the surface. See Fig. 2.9, the Hall resistance
(Rxy ) at low magnetic fields in 3 different bulk samples measured at 2 K. The linear
Hall slope was used to extract the 2D carrier densities to be 6.6 ∼ 7.8 × 1012 cm−2
(p type), nearly independent of thickness (varying from 20 µm to 52 µm), indicating
surface origin of the carriers (shown in Fig. 2.9b). In contrast, the converted 3D
carrier density n3D (= n2D /t) nearly scales as t−1 and is as low as 1.4 × 1015 cm−3
for the 52-µm-thick sample. Furthermore, according to the ARPES measured band
structure [33], the maximum carrier density that can be accommodated in the surface
bands before occupying the bulk bands is at least 1013 cm−2 (both surfaces combined).
Therefore, the measured Hall density comes mostly from the surface. This is also
consistent with the surface-dominated conduction shown in Fig. 2.8 and the Fermi
level residing inside the bulk band gap discussed above. Almost all the samples
measured in our work (down to 20 nm thick) give densities on the order of 1012 cm−2
before gating. The true bulk density should be even lower than 1.4×1015 cm−3 , which
is more than one order of magnitude lower than the lowest values from bulk-insulating
3D TIs previously reported [32, 35, 36].

Fig. 2.9. (a) The Hall measurement of three bulk samples with different
thicknesses. (b) The extracted 2D and 3D carrier densities from Hall
measurement.
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To summarize, we have shown our BSTS to be the most intrinsic TI material ever
reported to-date, with unprecedented low bulk carrier density (< 1015 cm−3 , more
than an order of magnitude lower than previous best results), leading to our observation of a series of remarkable transport signatures of surface-dominant conduction
unique to ideal TI never achieved before (due to remnant bulk conduction in previous
samples): these include our demonstration of surface-dominant conduction even at
room-temperature (thus finally realizing the theoretical vision that topological insulator state and transport should remain robust even at room temperature, opening huge
opportunities for realizing novel topological and dissipationless electronic devices at
room temperature); demonstration the novel phenomenon that our 3D crystals have
thickness-independent sheet resistance yet their resistivity scales inversely with thickness (thus resistivity becomes ill-defined, in stark contrast with the familiar behavior
of 3D conductors, where resistivity is constant but resistance should scale inversely
with thickness, but directly revealing the expected topological transport behavior of
a true TI where the 3D bulk is insulating and all conduction occurs at the 2D surface
and is thus thickness-independent). Furthermore, such properties ensured us for the
observation of well-defined QHE from TSS in 3D TI systems for the first time.

2.4

Ambipolar field effect
Almost all the thin-flake device on Si/SiO2 substrates measured have shown nice

ambipolar field effect, with a single resistance peak by sweeping backgate voltages Vbg ,
similar to that of graphene [12]. Need to note that for samples thicker than ∼100 nm,
they are thick enough such that our Si/SiO2 backgate can be used to independently
tune the bottom surface carrier density nb without affecting the top surface density
nt (see Fig. 2.10a for device schematic). In Fig. 2.10(b), we show the field effect
measurement of a 160-nm-thick device (Sample A) without external magnetic field at
different temperatures. A single resistance peak maintains up to ∼150 K, indicating
high quality of our samples.
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Fig. 2.10. (a) A device schematic, where the doped Si substrate (with 300
nm SiO2 overlayer) is used as a backgate (Vbg denotes the gate voltage
applied) to tune the carrier density nb (thus the chemical potential µb )
of the bottom surface of the BSTS. Also depicted are the Dirac surface
state bands for top and bottom surfaces, respectively. (b) Field effect of
Sample A measured up to ∼150 K.

Fig. 2.11. Field effect of Sample A at B=0 T in a different gate voltage
sweeping range. The change of Dirac point position is due to hysteresis
of gate sweeping. Inset is Rxy as a function of Vbg at B= 2 T.

The peak in Rxx is identified as the charge neutrality point (or Dirac point, DP)
of the bottom surface, whose carriers change from electrons at higher Vbg to holes at
lower Vbg . Repeated gate sweeps can have a slight hysteresis (of several volts). The
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ungated surfaces (both bottom surface, as seen by the field effect, and top surface)
are generally found to be n-type (with electron carriers) in the exfoliated thin flakes.
However, the Hall resistance as a function of Vbg at constant low field looks a little bit
controversial at first sight (Fig. 2.11). The Rxy pass through Dirac point at Vbg =∼
−60 V without changing sign but reaching a maximum. This can be explained by
the remaining substantial doping on the top surface. As the top surface is unaffected
by backgate, Rxy remains substantially positive (corresponding to n-type carrier for
the total system) at bottom surface Dirac point. The maximum Rxy reached close to
bottom surface DP (Vbg ∼ −60 V) can also be used to extract the top surface density
∼ 0.4 × 1012 cm−2 .

When both surfaces have electron carriers (Vbg > −60 V), the Rxy (B) shows linear
behavior in low-B regime, which can be used to extract the total 2D carrier density
n2D and mobility µ (see Fig. 2.12). The linear fit of n2D vs Vbg gives a gate efficiency
of 2.7 × 1010 cm−2 /V and the extrapolation to Vbg ∼ −60 V (Dirac point of bottom
surface) gives an approximate top surface density ∼ 0.4 × 1012 cm−2 . The highest
mobility ∼3000 cm2 /Vs is extracted when Vbg is close to bottom surface DP. At more
negative Vbg (< −60 V), the holes from the bottom surface will compensate for the
electrons from the top surface and start to reduce Rxy , and Rxy (B) start to show
non-linear behavior (Fig. 2.12 inset). Even at Vbg = −100 V, Rxy remains above zero
at B = 2 T. This is consistent with the observation that the slope of low-B Rxy (B)
is always positive in the measured Vbg range.

2.5

Weak antilocalization
The low-field magnetotransport measurements of our BSTS flakes show weak an-

tilocalization (WAL) behaviors, which is a characteristic feature of a system with
spin-orbit coupling. It comes from the destructive quantum interference of coherently
back-scattered spin-1/2 electrons. Such a WAL can be suppressed by a magnetic field
(which breaks time-reversal symmetry) and higher temperature (killing coherence),

28

Fig. 2.12. Total 2D carrier density n2D and mobility µ extracted from lowB field (<∼ 2 T) transport measurements for sample A at different Vbg ’s
when both surfaces have electron carriers (n-type) such that the Rxy (B)
is linear in low-B regime. Inset shows Rxy vs B at Vbg = −100 V (electron
and hole) and −45 V (both are electrons) respectively.

giving rise to the observed positive magnetoresistance at low temperature. The WAL
in TI can be fit by the Hikami-Larkin-Nagaoka (HLN) formula [55]:
∆σ(B) = −α

h̄
h̄
1
e2
[ln ( 2 ) − Ψ( 2 + )]
2
2π h̄
4elϕ B
4elϕ B 2

(2.1)

, where ∆σ(B) is two-dimensional conductivity change due to magnetic field, Ψ is
the digamma function, lϕ is the phase coherent length and α is the prefactor. For a
perfect TI surface with strong spin-orbit coupling, α should be −0.5. However, in a
real TI sample, two parallel surfaces (top and bottom) are involved in the conduction,
giving rise to α = −1 in a perfect situation. In our BSTS flakes, we observed α close
to −1 when both surfaces are n doped (Vbg >∼ −40 V in Fig. 2.13). When bottom
surface is p doped (Vbg <∼ −40 V) or close to Dirac point (Vbg ∼ −40 V) and top
surface is n doped, the fit gives α value deviates from −1. The reason is not clear so
far, and it has not been reported before in this bipolar situation [56].
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Fig. 2.13. (a) WAL effect in Sample A measured at different backgate
voltages Vbg . (b) The fitting parameters α and lϕ as functions of the
applied backgate voltage Vbg .

2.6

“Half-integer” quantum Hall effect in a 3D TI
Before this work, experiments under high magnetic fields have so far only have

revealed Shubnikov-de Hass (SdH) oscillations (commonly considered a precursor for
QHE) from TSS in various TI materials, and developing QHE in strained HgTe TI
films. Fully-developed TSS QHE characterized by well-quantized Rxy plateaus and
vanishing (dissipationless) Rxx with truly insulating bulk has yet to been shown. The
ability to show and distinguish a half-integer quantized Hall contribution arising from
each of the surfaces would unambiguously demonstrate the hallmark of topological
surface states (TSS).

2.6.1

QHE in BSTS with density tuning

When a back-gate tunable BSTS device (such as Sample A) is brought into a
perpendicular high magnetic field B, well-developed QHE shows up. Fig. 2.14(a)
presents the longitudinal resistance Rxx (= V23 /I14 , where subscripts label voltage
(V) or current (I) leads shown in the inset) and Hall resistance Rxy (= V53 /I14 ) as
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functions of the backgate voltage Vbg , measured at T = 0.35 K in Sample A and
B = 31 T applied perpendicular to the top and bottom surfaces. At the electron side
(Vbg > −60 V) of the bottom surface (same carrier type as the ungated top surface),
we observe well-defined quantized plateaus in Rxy with values ∼ h/e2 ∼ 25.8 kΩ
and ∼ h/2e2 ∼ 12.9 kΩ, accompanied by vanishing Rxx , over broad ranges in Vbg
around −45 V and −20 V respectively. These are the hallmarks of well-developed
QHE, associated with total (top+bottom surfaces) Landau filling factors ν = 1 and 2
respectively (see more discussions below). In addition, we also observe a developing
Rxy plateau ∼ h/3e2 , accompanied by a minimum in Rxx . To gain more insights
on the QHE, we perform tensor inversion to extract the 2D longitudinal and Hall
conductivities σxx and σxy , shown in Fig. 2.14(b) in units of e2 /h. We again observe
quantized (and developing) plateaus in σxy at νe2 /h with integer ν = 1, 2 (and 3),
concomitant with vanishing σxx (or minimum in σxx ).

Fig. 2.14. (a) Longitudinal resistance (Rxx ) and Hall resistance (Rxy )
vs backgate voltage (Vbg ) measured at B = 31 T in Sample A (inset
shows optical microscope image of the device) at 0.35 K. (b) Extracted
2D longitudinal and Hall conductivities (σxx and σxy at 31 T along with
−σxy at −31 T), in units of e2 /h. Plateaus observed in Rxy (at values of
νh/e2 ) and σxy (at νe2 /h) are labeled by the corresponding total Landau
filling factors (ν, which are integers, with corresponding sum of top and
bottom surface half integer fillings also labeled in b) of the quantum Hall
states. Meanwhile, arrows marked the minima or inflection in σxx .
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Such integer quantized Hall conductivities (QHC) measured can be understood
as the sum of a half integer QHC from the top surface (fixed at(1/2)e2 /h at B = 31
T) and another half integer QHC from the bottom surface (at νb e2 /h with νb =1/2,
3/2, and 5/2 etc., depending on the nb tuned by the back gate). In other words, the
total
top
bottom
observed QHC σxy
= νe2 /h = σxy
+ σxy
= (νt + νb )e2 /h = (Nt + Nb + 1)e2 /h,
top(bottom)

with top (bottom) surface QHC σxy

= νt(b) e2 /h = (Nt(b) + 1/2)e2 /h, where

νt(b) = Nt(b) + 1/2 and Nt(b) are the Landau level filling factor and Landau level index
of top (bottom) surfaces corresponding to the QH state (in our case νt = 1/2 and
top
Nt = 0, thus σxy
= (1/2)e2 /h), even though the individual (half-integer) QHC of each

surface cannot be directly measured in the experiment (where we always measure the
total Hall conductance of the two parallel conducting surfaces). Such a half-integer
QHE reflecting the contribution in units of half quantum conductance (e2 /2h) from
each surface is the hallmark of the topological surface state QHE unique to 3D TI.
We also reproduce all the observed QH states under B = −31 T, highlighted by the
σxy shown in Fig. 2.14(b), exhibiting a more “smooth” transition between the “1/21/2” feature and “1/2+1/2” plateau. The weakly-developed plateau-like features
appearing in σxy around 0e2 /h and −1e2 /h, accompanied by inflection points in σxx ,
are relate to some underlying QH states with (νt , νb ) = (1/2, −1/2) and (1/2, −3/2),
respectively.

Fig. 2.15. (a,b) The resistance and conductivity after anti-symmetrical
correction. Details of the method been used are described below.

32
Such inconsistency between σxy at B = 31 T and −31 T near Dirac point (Vbg =
−60 V) is due to the non-perfect sample geometry (inset of Fig. 2.14a), which gives
rise to some substantial mixture of large Rxx signal near Dirac point into Rxy . The
data after anti-symmetrical correction gives more reliable description of the QHE
(see Fig. 2.15), where Rxx = 1/2[Rxx (B = 31 T) + Rxx (B = −31 T)] and Rxy =
1/2[Rxx (B = 31 T) − Rxy (B = −31 T)] are used to calculate the corresponding σxx
and σxy . The σxy plateau at (νt , νb ) = (1/2, −1/2) and (1/2, −3/2) are now more
obvious and better developed.

Fig. 2.16. A 2D color plot showing σxx (color scale) as a function of
magnetic field (B) and back gate voltage (Vbg ) measured at 0.35 K in
sample A. A series of σxx vs Vbg curves (measured in steps of 2 T) are
interpolated to generate this 2D plot. Dashed and dotted lines correspond
to half-integer and integer Landau filling factors (marked) for the bottom
surface, respectively. Inset: the Vbg positions for minima in σxx (left axis)
and (Vbg − VD )/∆V (right axis) as a function of ν at 31 T, where ∆V is
half the averaged Vbg separation between two consecutive Landau levels.

We further studied σxx (Vbg ) at a series of magnetic fields (B), and found quantum
Hall features can be observed down to B = 13 T. Fig. 2.16 plots σxx (color scale) as
functions of both B and Vbg . Dashed lines trace the gate voltage (Vbg ) positions for the
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observed QH minima in σxx and are labeled by the corresponding half integer fillings
(νb ) of the bottom surface LL. When extrapolated to B = 0 T, these lines converge
to ∼ −58 V, the bottom surface DP (noted as VD = −58 V). Dotted lines trace the
maxima in σxx labeled by corresponding integer νb , also extrapolate and converge to
the same DP. The odd integer ratio (−3 : −1 : 1 : 3 : 5) in the Vbg positions for
the QH minima in σxx as measured away from DP (Vbg − VD , proportional to nb ),
exemplified in the inset for the 5 QH minima in σxx at B = 31 T (corresponding to
the intercepts of dashed lines on the top axis in Fig. 2.16), is in contrast to the QHE
for conventional 2DES, where the density (filling factor) ratio for successive QHE
states (σxx minima) would be consecutive integers. This half-integer shift in our
data (integer/half-integer fillings for maxima/minima) is a consequence of the unique
0th LL shared half-half between Dirac electrons and holes, and a manifestation of
the Berry’s phase π associated with spin-helical carriers of TSS. It is known that σxx
peaks when the gate-tunable chemical potential (µb ) passes through the center of lastfilled LLs where the density of state (DOS) peaks and underlying state may become
delocalized. The prominent central peak (the central line with νb = 0, non-dispersive
with B) at DP in our σxx data represents the 0th LL, that is fixed at zero energy and
non-dispersive with B, and a hallmark of Dirac fermions.

2.6.2

π Berry’s phase for TSS

We also measure QHE by sweeping the magnetic field (B) at fixed carrier densities
(Vbg ). Fig. 2.17(a) upper (lower) shows Rxy (Rxx ) measured vs. B at T = 0.35 K in
sample A for various Vbg s. The Rxy (B) trace for Vbg = −52 V (close to bottom surface
DP) exhibits a wide quantized plateau ∼h/e2 for B >∼13 T, indicating both surfaces
are in the 1/2(e2 /h) QH state (0th LL, Nt = Nb = 0, ν = 1/2 + 1/2 = 1). When Vbg
is increased to −41 V, the higher nb shifts the νb = 1/2 (Nb = 0) QH state of bottom
surface, thus the observed h/e2 (ν = 1) plateau to higher B. Meanwhile, another
QH plateau develops at h/2e2 at lower B ∼15 T (but still >∼13 T with Nt = 0),
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corresponding to Nb = 1, ν = νt + νb = 1/2 + 3/2 = 2. This QH state also shifts to
higher B as Vbg increases (−35 V, −30 V and −20 V). Further increasing Vbg to −14
V, −5 V and 2 V, yet another QH plateau develops at h/3e2 , now corresponding to
Nt = 0, Nb = 2, ν = νt + νb = 1/2 + 5/2 = 3. All these QH plateaus are accompanied
by vanishing Rxx or dips in Rxx , with each QH state generally better developed at
higher B (reflecting the larger LL energy gap).

Fig. 2.17. (a) Rxy and Rxx as functions of B at various Vbg ’s. Several observed quantum Hall plateaus are marked with corresponding total Landau filling factors ν. (b) Landau fan diagram for the bottom surface for
various different Vbg ’s. Data in solid markers are extracted from Rxx (B)
while those in empty markers from the derivative of Rxy (B) (an example
at Vbg = −20 V is shown in the inset). Examples of extracted data points
are marked in the inset and Rxx trace for Vbg = −35 V. Only data with
B >∼13 T (where the top surface is at its 0th LL) are used. Lines denote
linear fits with Nb -axis intercept ∼ −1/2 for all datasets. (c) SdH oscillation frequency BF of bottom surface extracted from (b) as a function of
Vbg .
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From the evolution of the QH states seen in Fig. 2.17(a) for B >∼13 T, we
can extract the bottom surface LL index Nb (note Nt is fixed at 0) and perform the
standard fan diagram analysis (Fig. 2.17b, showing Nb vs 1/B), where integer/halfinteger Nb is assigned the minima/maxima in Rxx (or alternatively in dRxy /dB, with
an example shown in Fig. 2.17b inset). We find Nb vs 1/B (exhibiting good linear
fit) extrapolates (in the limit of 1/B → 0) to an N -axis intercept of ∼ −1/2 for all
Vbg ’s studied. Such a 1/2-intercept in LL index is again a hallmark of π Berry’s phase
for Dirac fermions and underlies the half-integer QHE.

Fig. 2.18. Measurements were performed in a different cool-down with
slightly different carrier densities. Magnetic field (B) dependence of Rxx
and Rxy measured at Vbg = −28 V, where nb is tuned to match nt (top
surface carrier density) such that LL index N = Nt = Nb . Inset shows a
Landau level (LL) fan diagram, where integers N (or half integers N +1/2)
are assigned to index minima (or maxima) in Rxx oscillations. A linear
fit gives intercept −0.5 on the N -axis.

As the bottom surface density can be extracted as nb = eBF /h, the gate efficiency
can be extracted from the linear fit of BF vs Vbg to be 2.7 × 1010 cm−2 /V, consistent
with the result in Fig. 2.12. The matching of density extracted from QH and low-field
Hall data also indicates that the carriers contributing to the transport is completely
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from the TSS in our BSTS. There is no other parallel conducting channels in our
BSTS. However, the value 2.7 × 1010 cm−2 /V is notably smaller than 7.3 × 1010

cm−2 /V given by the simple capacitance of 300-nm thick SiO2 , possibly due to trapped
charged impurities in the oxide or other screening effects. The extrapolated linear fit
to Vbg =∼ −60 V gives BF close to zero, consistent with expected vanishing carrier
density of bottom surface near its DP.
Also of interest in Fig. 2.17(a) is the trace measured with Vbg = −45 V, which is

near the center of the ν = 1 QH plateau in Rxy (Vbg ) in Fig. 2.14(a), with estimated
nb ∼ nt . With the two surface densities nearly matched, Rxy exhibits a developing
QH state ∼ h/3e2 (corresponding to Nt = Nb = 1, ν = 3/2 + 3/2 = 3) at lower
B ∼10 T, in addition to the h/e2 QH plateau (Nt = Nb = 0, ν = 1/2 + 1/2 = 1)
at high B. These two QH states can be considered as belonging to a half-integer
QHE series of ν = g(N + 1/2), where N is the common LL index (=0 and 1 in our
case) and g = 2 represents the 2 (nearly degenerate) surfaces. Another example of
QHE with matched surface densities is shown in Fig. 2.18, measured with Vbg = −28
V in a different cool-down of Sample A that resulted in higher as-cooled surface
carrier densities. The QH plateau near h/(3e2 ) appears at higher B ∼15 T and is
better developed, accompanied by a clear minimum in Rxx . The conspicuous missing
of the ν = 2 QH state is again consistent with the “half-integer” QHE expected
for two-flavor (representing 2 surfaces) Dirac fermions at odd-integer total filling
ν = 2(N + 1/2) = 2N + 1,with LL index N = Nt = Nb . The inset of Fig. 2.18 shows
the corresponding Landau fan diagram for the common LL index N = Nt,b , with the
linear fit again yielding the expected intercept of N ∼ −0.5 for the Dirac fermions in
high-B limit (thus ν = N + 1/2 → 0).
2.6.3

Temperature dependence of the QHE

Fig. 2.19 shows backgate-tuned QHE (Rxx and Rxy vs Vbg ) measured a fixed
B = 31 T in another BSTS device Sample B (thickness t = 80 nm) at different
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temperatures (T ). At low T (4.5 K), we observe QH states corresponding to ν = 1
(well-developed) and ν = 2 (developing), interpreted (similarly to Sample A, Fig.
2.14) to νt + νb = 1/2 + 1/2 and 1/2 + 3/2 respectively. The insensitivity of the
quantization values to the sample thickness (changing by factor of 2 between samples
A and B) confirm that the observed QHE arises from the surface of the intrinsic
TI, and is not related to the “bulk” QHE observed previously (in highly-bulk-doped
Bi2 Se3 , attributed to electronic decoupling between bulk quintuple layers with high
Se vacancies) [57]. As seen in Fig. 2.19(a), increasing T does not weaken substantially
the QH states till at least ∼10 K, and QH states are still observable up to 35 K, before
disappearing above ∼50 K. Fig. 2.19(b), (c) show more quantitative analysis of the T dependence of the QHE at ν = 1 (both surface filling 0th LL). The σxx (QH minimum)
exhibits a thermally activated behavior (∝ e−E0 /kB T ) at higher T (Fig. 2.19b) with
an extracted activation gap E0 5.6 ± 0.3 meV, but drops more slowly with decreasing
T at lower T . The E0 value is notably smaller than the theoretical energy separation
vF (2eBh̄)1/2 ∼60 meV between the 0th and 1st LLs of ideal 2D Dirac fermions, for a
typical Fermi velocity vF ∼ 3 × 105 m/s estimated from ARPES measurements. This
could stem from both disorder-induced Landau level broadening (such an effect was
also seen in graphene with similar mobility [58]) and a finite thickness (side surface)
effect. At even higher temperature (>50 K), the bulk conduction starts to become
significant and possibly suppress the QH states. The thermally induced change ∆Rxy
(=Rxy (T )−Rxy (4.5 K)) vs Rxx at ν = 1 follows an approximately linear relationship
(with a slope of −0.18, Fig. 2.19c). The T -dependence behaviors of the QHE observed
in our BSTS are quantitatively similar to those of the previously studied integer QHE
in 2DEG.

2.7

Discussion
Well-developed “half-integer” QHE was previously observed for Dirac fermions

(4-fold degenerate with 2 spins and 2 valleys) in graphene [12, 59], giving QHC
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Fig. 2.19. Measurements were performed in Sample B, an 80-nm-thick
exfoliated BSTS flake. (a) Vbg dependent Rxx and Rxy measured at B = 31
T and 4 different temperatures (4.5 K, 10 K, 35 K, and 50 K). Vertical dotdashed lines indicate the position of QH state at total filling factor ν = 1.
(b) σxx (log scale) as function of inverse temperature (1/T ) at ν = 1. Blue
dashed line indicates a fit in higher temperature with σxx ∝ e−E0 /kB T . (c)
∆Rxy vs Rxx at ν = 1. Blue dashed line indicates a linear fit.

σxy = 4(N + 1/2)e2 /h. A zero-gap HgTe quantum well was found to give a 2DES
with single-valley Dirac fermions (thus considered “1/2-graphene”, with 2 spins), and
exhibit well-defined QHE [60]. However, the observed QHC (in unit of e2 /h) takes
consecutive integer values rather than odd integers only (as would be expected for
2-fold degenerate Dirac fermions), because the external magnetic field gives a substantial Zeeman splitting between the 2 spins (due to the large g-factor in HgTe)
in addition to the orbital LLs. In contrast, a TI surface contains only 1 species of
Dirac fermions (a single non-degenerate Dirac cone, sometimes referred to a “1/4graphene”), resulting in a QHC of (N + 1/2)e2 /h. Two such degenerate surfaces (as
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in Fig. 2.18) contribute in parallel to give the observed σxy = 2(N + 1/2)e2 /h (odd
integer plateaus). The surface (top or bottom) index in our sample can be viewed as
a pseudospin, which is not affected by external B field. One can use a gate voltage
(controlling the chemical potential difference between two surfaces, thus acting as a
fictitious Zeeman field) to make the pseudospins degenerate (giving odd integers of
QHC, Fig. 2.18) or non-degenerate (giving consecutive integers of QHC, Fig. 2.15),
realizing a more tunable system.
Developing QH plateaus have been observed in 3D TI of strained HgTe films,
however the accompanying Rxx minima remained well above zero [20]. Suggested
possible causes for the less-well-developed QHE with substantial dissipation (nonzero
Rxx ) may include the non-chiral conducting surface states on the side surfaces, bulk
conducting states or miss-alignment between top and bottom surface QH states. The
well-quantized Rxy (and σxy ) accompanied by vanishing Rxx (and σxx ) observed in
our samples not only reflect the highly clean and insulating bulk and good overlap
between top and bottom surface QH states, but may also indicate that our side
surface TSS has been gapped out to be non-conducting (due to local equilibrium of
counter-propagating edge channels, will be discussed in more details next chapter).
In contrast to the well-developed TSS QHE we observed when the top and bottom
surfaces have the same carrier type (electrons), the QHE features appear very different
and conspicuously not well-developed when the two surfaces have opposite carriers
(bipolar situation, see more in Fig. 2.15) — with plateau-like features in σxy and
substantial σxx . This might indicate dissipation arising from two surfaces contributing
opposite QH edge chiralities. Such an interesting situation has not been well addressed
in previous experiments or theories, and warrants further studies to understand the
fate of edge states and QH transport in this case.
To summarize, we have observed well-defined QHE from TSS in our backgated
BSTS devices. A full understanding of some of the QH states (such as in the bipolar
situation) and underlying mechanism would favor an independent gating of the den-

40
sities and carrier types of both top and bottom surfaces. I would present the work
on dual-gated BSTS devices in the next chapter.
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3. QUANTUM TRANSPORT IN DUAL-GATED 3D
TOPOLOGICAL INSULATORS
By fabricating dual-gated BSTS devices, we have realized a full control over the carrier
type and density of both the top and bottom surfaces, each of which possesses a single
species of spin-helical Dirac fermion, therefore realizing a fully tunable two-species
(two-component) Dirac gas, where each component can be independently gate tuned
to both carrier types and through Dirac point. There are several new observations:
1) When both surfaces are gated to the charge neutrality point (Dirac point), a quasiuniversal minimum conductivity close to 4e2 /h is observed in multiple samples. This
is the first time such as universal minimal quantum conductivity (previously studied
in graphene) is measured in 3D TIs. 2) In the presence of a high magnetic field
perpendicular to the top and bottom surfaces, we observe a well-developed sequence
of two-component Dirac quantum Hall (QH) states of electron+electron, hole+hole
and electron+hole types where the corresponding total filling factor ν is the sum
of half-integer top and bottom surface Landau level (LL) filling factors νt and νb
(ν = νt + νb , with νt(b) = Nt(b) + 1/2, where Nt(b) is the corresponding LL index
for the top (bottom) surface and can be adjusted by top (bottom) gate), consistent
with the π Berry’s phase of topological surface states (TSS). See a schematic of the
LLs developed on the top and bottom surfaces in Fig. 3.1. This is the first time
such fully tunable (into both carrier types) two-species Dirac gases are brought to
quantum Hall regime. 3) When (νt , νb ) = (−1/2, 1/2) or (1/2, −1/2), we observe
an intriguing ν = 0 state, characterized by a zero Hall conductance plateau with
a large local and non-local resistance, attributed to the formation of dissipative and
counter-propagating edge states. We further demonstrated that such edge states have
temperature-independent conductance that directly (and for the first time) probe the
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transport in such novel 1D dissipative metallic edge channel that evades standard
localization. Such work has been published in Nature Communications [61].

Fig. 3.1. A schematic of the LLs developed on the top and bottom surfaces
of a slab-like 3D TI sample with applying a perpendicular magnetic field,
where Nt(b) labels the corresponding LL index for the top (bottom) surface.

3.1

Device fabrication
BSTS flakes (typical thickness ∼50-200 nm) are exfoliated (“Scotch tape method”)

onto highly doped Si (p+) substrates (with 300 nm-thick SiO2 coating), and deposited
with Cr/Au contacts after e-beam lithography. We then etch the BSTS flakes into
standard Hall bar geometry by Argon plasma (dry etching) to eliminate uncertainties
in evaluating conductivity due to the influence of electrical contacts or the irregular shape of the samples. A thin flake of hexagonal boron nitride (h-BN, typical
thickness ∼10-40 nm) is mechanically transferred on the BSTS flake to serve as a
top-gate dielectric and a top-gate metal (Cr/Au) is deposited afterwards. The h-BN
as a substrate or gate dielectric is known to preserve good electronic properties for
graphene, resulting from the atomic flatness and relatively low density of impurities
in h-BN [62]. We also note that to avoid temperature induced doping effect (usually
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high tempeture makes BSTS to be more n doped), we avoid heating the sample too
much during all the fabrication process. For example, before the e-beam lithography,
we only bake the photoresist PMMA up to 130 ◦ C for 2 min. See Fig. 3.2 for a
schematic of a dual-gated BSTS device and the fabrication procedures.

Fig. 3.2. (a) A dual-gated BSTS device schematic. (b) Device fabrication
procedure of a typical dual-gated device Sample C.

For BSTS devices thinner than ∼50 nm, the dielectric coupling between top and
bottom surfaces is not negligible any more, and the interlayer interaction may start
to play a role. The properties of such devices will be the focus of next two Chapters
and are not discussed here.

3.2

Independent gating of top and bottom surfaces
Qualitatively similar data are measured in multiple samples, while results from

a typical sample C (channel length L=9.4 µm, width W =4.0 µm, with ∼100 nmthick BSTS and 40 nm-thick h-BN as top-gate dielectric, see Fig. 3.2b) are presented
below unless otherwise noted. The carrier densities of the top and bottom surface
of the BSTS flake are tuned by top-gate voltage Vtg (applied to top-gate metal) and
back-gate voltage Vbg (applied to Si substrate) respectively.
Fig. 3.3(a) and (b) show the double-gated electric field effect measured at T =
0.3 K. The longitudinal resistivity ρxx (= Rxx ∗ W/L, with Rxx being longitudinal
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resistance) at magnetic field B = 0 T (Fig. 3.3a) and Hall resistivity ρxy (=Rxy , Hall
resistance) at B = 1 T (Fig. 3.3b) are plotted in color scale as functions of both top
and bottom gate voltages (Vtg and Vbg ).

Fig. 3.3. (a), (b) show 2D map of ρxx at B = 0 T and ρxy at B = 1 T
as functions of Vtg and Vbg on sample C. The blue (red) dashed lines in
(a) are guides to the eye for the top (bottom) surface DP. The 2D map is
generated by data measured from Vtg sweeps at a series of Vbg ’s, with one
example at Vbg = 3 V shown in the inset of (b).

The extracted field effect and Hall mobilities are typically several thousands of
cm2 /Vs. A minimum carrier density n∗ ∼ 9 × 1010 cm−2 per surface can be extracted
from the maximum Hall coefficient (absolute value) ∼3.5 kΩ/T (when both surfaces
are slightly n-type or p-type) measured in Fig. 3.3(b). A set of exemplary Vtg -sweeps
with Vbg = 3 V is shown in Fig. 3.3(b) inset. By adjusting Vtg (or Vbg ), the device can
be gated through a ρxx peak, identified as the charge-neutrality Dirac point (DP) of
the top (or bottom) surface, marked by the blue (or red) dashed lines in Fig. 3.3(a).
Gating through the DP, the carriers in the corresponding surface change from holelike to electron-like (i.e., ambipolar), as evidenced by Hall measurements (Fig. 3.3b).
The slight deviation of the two lines from being perfectly vertical and horizontal
arises from the weak capacitive coupling between the top (bottom) surface and the
back (top) gate [63]. The crossing of these two lines corresponds to the double DP
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(both surfaces tuned to DP) where ρxx (σxx = 1/ρxx ) reaches a global maximum
(minimum). Within the gate voltage range used, the carriers predominantly come
from the TSS and we observe relatively good particle-hole symmetry in the transport
properties (e.g., the symmetrical appearance of ρxx on both sides of DP in each surface
in Fig. 3.3a and the similar absolute values of the positive and negative maximum
Hall coefficient in Fig. 3.3b).

3.3

Gate efficiency and mobility of each surface

Fig. 3.4. (a,b) The line cuts of σxx (a) and n (b) as a function of Vtg at
Vbg = 2.5 V. (c,d) The line cuts of σxx (a) and n (b) as a function of Vbg
at Vtg = −3.13 V. In (b) and (d), we also show the linear fittings (dashed
red lines) for the density n versus gate voltage to extract gate efficiency
on the electron doped side.
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Now we present how to extract the gate efficiency and mobility for each surface
of Device C (inter-surface capacitance coupling is neglected here). From the color
map of ρxx and ρxy , we identify the double Dirac point (at which both surfaces are
tuned to Dirac point) located at (Vtg , Vbg ) ∼(-3.13 V, 2.5 V). We performed line cuts
for the longitudinal conductivity σxx (=1/ρxx at B = 0) and calculated density n
(=1/eρxy = 1/eRxy at B = 1 T) color maps at fixed Vbg = 2.5 V or Vtg = −3.13 V
(shown in Fig. 3.4). The gate efficiency for top and back gates are extracted to be
1.7 × 1011 cm−2 /V and 2.9 × 1010 cm−2 /V respectively from the linear fitting of n
versus the corresponding gate voltage on the electron doped side (some non-linearity
presents in the negative doping side due to the existence of both charge carrier types).
The mobility for each surface can be extracted through Drude model µ =
1 dσxx dn
/ dV ,
e dV

where we use

dσxx
dV

1 dσxx
e dn

=

obtained from the linear fitting near the Dirac point in

Fig. 3.4(a) and (c). The mobility for the top and bottom surfaces are then calculated
to be of comparable values ∼2,500 cm2 /Vs and ∼2,000 cm2 /Vs, respectively.
3.4

Minimum conductivity at double Dirac point
We have studied 6 dual-gated BSTS devices with different thicknesses (t) and

aspect ratios (L/W ). These devices are measured at low temperatures (T <2 K)
and the results are repeatable after multiple thermal cycles. When both surfaces
are tuned to DP, the minimum 2D conductivity σmin at B = 0 T exhibits relatively
constant value (3.8 ± 0.1)e2 /h for all the devices, whose thicknesses range from 50
to 195 nm and L/W range from 1.3 to 3.5 (Fig. 3.5). Our observation indicates the
conductivity at the DP for each major surface (top or bottom) is ∼ 2e2 /h, within
the range of values (2 ∼ 5e2 /h) reported by Kim et al. [64] on thin flakes of Bi2 Se3
(∼10 nm). The minimum conductivity at DP has also been discussed in graphene
with considerable interests [65].
For pristine graphene , a minimum conductivity min of 4e2 /πh is predicted and
experimentally verified in ballistic graphene samples [66, 67]. For graphene samples
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Fig. 3.5. Zero-magnetic-field minimum conductivity σmin (bottom axis)
measured in 6 dual-gated samples at low temperature (< 2 K) plotted
as a function of the sample thickness and 2D aspect ratio (L/W ). The
vertical dashed line indicates 3.8e2 /h.

with more scattering, σmin was reported to have a universal value [12] of 4e2 /h while
another experiment observed σmin that falls into a wide range 2-12 e2 /h varying from
sample to sample [68]. Further experiments revealed that the minimum conductivity
is strongly affected by carrier-density inhomogeneities (puddles) induced by disorder
on or near graphene [69, 70], such as the absorbates or charged impurities in the
substrates. In 3D TIs, one source of impurities likely relevant to the observed quasiuniversal minimum conductivity in our dual-gated BSTS devices could be bulk defects
(located near surface) [54,71], such as those revealed in scanning tunneling microscopy
studies [72].

3.5

Dual-gate tunable QHE
Now we start to focus on the transport phenomena in the quantum Hall (QH)

regime under a high magnetic field B perpendicular to the top and bottom surfaces
in the dual-gated Sample C. Fig. 3.6 (a) and (c) show in color scales the longitudinal
conductivity σxx and Hall conductivity σxy as functions of Vtg and Vbg at B = 18 T
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and T = 0.3 K. The color plots in (a) and (c) divide the (Vtg , Vbg ) plane into a series of
approximate parallelograms, centered around well-developed or developing QH states
with vanishing or minimal σxx (b) and quantized σxy in integer units of e2 /h (d).
These QH parallelograms are bounded by approximately (but slightly tilted) vertical
and horizontal lines, which represent the top and bottom surface LLs respectively. By
increasing (decreasing) either Vtg or Vbg to fill (exhaust) one LL on the top or bottom
surface, σxy increases (decreases) by e2 /h, taking consecutive quantized values of
νe2 /h, where integer ν = νt + νb = Nt + Nb + 1. The Nt(b) is the corresponding top
(bottom) surface LL integer index that can be adjusted by top (back) gate to be of
either Dirac electrons or holes. In Fig. 3.6(d), different fixed Vbg ’s (from -17 V to 40
V) set νb around consecutive half integers −3/2, −1/2, 1/2, 3/2 and 5/2 (such that
b
= νb e2 /h to the total σxy ), explaining the vertical
the bottom surface contributes σxy

shift of e2 /h at QH plateaux of consecutive Vtg -sweeps.
It is also notable that in Fig. 3.6, there are a few states with zero quantized
Hall conductivity (σxy = 0, manifesting as white regions in Fig. 3.6c, separating
the electron-dominated regions in red and the hole-dominated regions in blue) and
non-zero σxx minimum, marked by equal and opposite half-integer values of νt and
νb thus total ν = 0, for example (νt , νb ) = (−1/2, 1/2), (1/2, −1/2) and (3/2, −3/2).
These states with total ν = 0, exhibiting zero Hall plateaux (see also Fig. 3.6d), have
non-zero σxx minimum (Fig. 3.6a) but very large Rxx maximum (see next section,
Fig. 3.7).

3.6

Nonlocal measurements
To further characterize the observed QH and ν = 0 states, we have performed

nonlocal transport measurements of Rnl (= Vnl /I, I is the current and Vnl is the
non-local voltage, see the schematic measurement setup in the inset of Fig. 3.7b) as
functions of Vtg and Vbg at B = 18 T and T = 0.3 K and compared the results with
the standard (local) measurements of the longitudinal resistance Rxx (Fig. 3.7a). It’s
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Fig. 3.6. (a) σxx and (c) σxy , shown as 2D color maps, as functions of Vtg
and Vbg at B = 18 T and T = 0.3 K in Sample C, with representative
cuts at 5 different Vbg ’s shown in (b) and (d). The (νt , νb ) labels (top,
bottom) surface filling factors for corresponding quantum Hall states. The
σxx curves in (b) are shifted vertically (in consecutive step of e2 /h) for
clarity (the corresponding zero σxx levels are indicated by the same-colored
horizontal dashed lines).

intriguing that unlike other QH states typified by a zero or minimum in Rxx , the
states with ν = νt + νb = 0 (labeled by (νt , νb ) in Fig. 3.7a with νt = −νb = 1/2 or
3/2) are accompanied by a Rxx maximum. The best-developed ν = 0 states are those
at (νt , νb ) = (−1/2, 1/2) or (1/2, −1/2), where Rxx reaches 220 kΩ (ρxx ∼100 kΩ),
exceeding the resistance quantum (h/e2 =∼ 25.8 kΩ) by an order of magnitude. The
nonlocal Rnl also becomes very large (∼100 kΩ) and the similar order of magnitude
as Rxx at these two ν = 0 states while negligibly small at other (νt , νb ) states (see
Fig. 3.7b and also the representative cuts in Fig. 3.7c).
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Fig. 3.7. (a) Local resistance Rxx and (b) non-local resistance Rnl measured in Sample C as functions of Vtg and Vbg at B = 18 T and T = 0.3
K, with insets showing the measurement setup schematics. (c) A few
representative cuts of (a) and (b) at different Vbg ’s.

The simultaneously large local and non-local resistance at ν = 0 states in the QH
regime has been reported in other 2D electron-hole systems [73,74] and understood in
a picture of dissipative edge channels. We emphasize that the pronounced Rnl signal
cannot be explained from Rxx by a classical Ohmic non-local resistance from the stray
current connecting the remote leads. Such a contribution (=∼ ρxx e−πL/W ) would
decay exponentially with L/W (=2.4 in our case), and be three orders magnitude
smaller than the local Rxx (which is the case at B = 0 T, Fig. 3.8). As another
comparison, the middle panel of Fig. 3.7(c) shows the cuts in Fig. 3.7(a,b) at Vbg =
3 V, crossing the double-DP (also zeroth LL) of both top and bottom surfaces at
(νt , νb ) = (0, 0), where we observe a relatively large peak in Rxx but significantly
smaller Rnl . Such a result is consistent with the extended state transport (at the
center of zeroth LL) as the current flows through the bulk of the 2D surface.
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Fig. 3.8. Local resistance Rxx (a) and non-local resistance Rnl (b) as
functions of Vtg at Vbg =3 V and B = 0 T, T = 0.3 K. The non-local
resistance Rnl shown here is multiplied by a factor of hundred.

From the color plots in Figs. 3.6 and 3.7, the parallelogram centered around
(νt , νb ) = (−1/2, 1/2) state is enclosed by boundaries representing Nt = 0 and −1,
Nb = 0 and 1 LLs. Similarly, (νt , νb ) = (1/2, −1/2) state is bounded by Nt = 0
and 1, Nb = 0 and −1 LLs. We conclude that such a ν = 0 state can exist when
the potential difference V between top and bottom surfaces (equivalently the energy
separation between top and bottom surface DPs) is in the range of 0 < |V | < 2E0−1
(≈ 250 meV at B = 18 T, where E0−1 is the 0 − 1 LL separation of TSS Dirac
fermions [49]). Such a large energy scale can help make the ν = 0 and ν = 1 QH
states observable at significantly elevated temperatures as demonstrated below.

3.7

Temperature dependence study
We have studied the temperature (T ) dependence of the QHE and ν = 0 states

from 0.3 K to 50 K at B = 18 T (Fig. 3.9). At each temperature, the bottom
surface density is tuned by Vbg to set νb near 1/2 (dashed lines) or −1/2 (solid lines),
and the peaks in local Rxx and nonlocal Rnl corresponds to (νt , νb ) = (−1/2, 1/2) or
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(1/2, −1/2), respectively (Fig. 3.9a). The Rxx peaks (>∼150 kΩ) is seen to be more
robust up to the highest temperature (T = 50 K) measured while Rnl peaks decease
rapidly (approximately linearly in T , shown in Fig. 3.9b inset) with increasing T and
is nearly suppressed above 50 K.

Fig. 3.9. (a) Rxx and (b) Rnl measured in sample A as functions of Vtg for
different temperatures at B = 18 T, where Vbg is chosen to set νb at 1/2
(dashed lines) and −1/2 (solid lines), respectively. The inset of (b) shows
approximately linear dependence of Rnl peaks at ν = 0 on temperature.

Fig. 3.10. (a) σxx and (b) σxx of ν = +1, −1 and 0 states as functions of
temperature. In (c), we also plot σxx (difference between averaged ν = 0
σxx and averaged ν = ±1 σxx ), which barely changes with T .

We also show the T-dependence of σxx and σxy at (νt , νb ) = (−1/2, 1/2), (1/2, −1/2),
(1/2, 1/2) and (−1/2, −1/2) in Fig.

3.10(a) and (b).

The σxy maintains good
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quantization at νe2 /h (ν = 0, ±1) up to T = 50 K while σxx increases with T
(the gate-dependent σxx and σxy traces at different temperatures are shown in Fig.
3.11). The σxx for ν = ±1 states is found to show thermally activated behavior at high temperatures [49], where the finite σxx is attributed to the thermal
excited 2D surface or 3D bulk carriers.

Such carriers can shunt the edge-state

transport and suppress the nonlocal Rnl response at high T [73]. We also note
that the σxx versus T curves for ν = 0 and ν = ±1 states follow the similar
trend and have approximately constant separation. We find the averaged separation
∆σxx = 1/2 ∗ [σxx (−1/2, 1/2) + σxx (1/2, −1/2) − σxx (1/2, 1/2) − σxx (−1/2, −1/2)] to
be largely T -independent with a value of (0.27 ± 0.01)e2 /h, which we attribute to the
conductivity of the quasi-1D dissipative edge channel.

3.8

Edge states picture
In this section, I would describe how to understand the QHE in 3D TIs and discuss

some remaining open questions.
The surface of a slab-like 3D TI has a closed 2D manifold and the topology of a
sphere, thus geometrically different from conventional 2D electron gases with a planar
structure [75]. The QHE, arising from LL confinement near the edges, is not obvious
how it works and whether it exists in a 3D TI (we consider the bulk to be totally
insulating/empty here for simplicity, or in other words, we discuss ideal 3D TIs here)
since a closed surface has no edges [75–77]. In such slab-like 3D TI samples under
perpendicular magnetic field, the side surface only experiences an in-plane field that
has no orbital effect while top and bottom surfaces experience magnetic flux along
and opposite to the surface normal respectively. Of course, in the thick limit (sample
p
thickness t  lB , where lB = h̄/eB is the magnetic length), the energy spectrum
on side surfaces would approach the normal Dirac-like continuum for TSS [76]. In
this case, the delocalized states on side surfaces would inevitably short opposite edges
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Fig. 3.11. (a)-(g) Longitudinal conductivity σxx and Hall conductivity
σxy versus Vtg at fixed bottom surface filling factor νb = 1/2 (dashed) and
−1/2 (solid) measured at B = 18 T at different temperatures. (h) and
(i) show σxx versus σxy at νb = −1/2 and 1/2 respectively at different
temperatures.

(namely side surfaces) and spoil the QHE in a normal Hall-bar structure [75, 76]. A
“Corbino” structure is proposed to be able to give QHE in this scenario [75].
In the thin sample limit (t  lB , without considering any top and bottom surface hybridization effect here), the side surfaces can be viewed as a quai-1D domain
boundary that separates the top and bottom surfaces with B pointing outward and
inward respectively, thus can support QH edge states [78]. In this case, when the
top and bottom surfaces are doped to the same carrier type (either n or p), the corresponding QH edge states (on the side surface) would have the same chirality and
give the total σxy = νe2 /h = (νt + νb )e2 /h, restricted to integer multiples of e2 /h.

55
Meanwhile the longitudinal resistivity (ρxx ) or conductivity (σxx ) vanishes as a result
of the ballistic edge states.
When the sample thickness is in the intermediate regime (t ∼ lB ), it’s not clear
whether the well-defined QHE shoud exist in a conventional Hall-bar (or multiple
terminal) structure as there some debates [75–79]. In this case, the finite-size confinement induced gap (∼ h̄vF /t, which is the energy separation between different
√
sub-bands on side surfaces) is comparable to the 0-1 LL gap vF 2eBh̄ on the top
and bottom surfaces. A schematic band structure belong this scenario is depicted in
the upper panel of Fig. 3.12(a), which shows the Fermi energy Ef residing inside the
0-1 LL gap and corresponds to νt = 1/2 and νb = 1/2 (the two surfaces are set to be
degenerate with V = 0 here) [75–77]. The Fermi level passes though some non-chiral
edge modes (in pairs) and chiral edge modes. It has been suggested that the QHE
should be spoiled by those non-chiral edge modes in a standard Hall bar measurement [20, 76, 77]. In our measurement setup (a conventional Hall-bar structure), the
contacts connect to the top, bottom and side surfaces, all of which are probed simultaneously. However, for BSTS sample in a wide range of thickness (∼10 nm to ∼100
nm, from similar to much larger than the magnetic length lB = (h̄/eB)1/2 ∼ 6 nm at
B = 18 T), we do observe well-defined QHE (see more experiments in previous and
next Chapter). The behavior is similar to what expected for the scenario of t  lB .
This suggests that the non-chiral edge modes might be canceling each other and become localized when net chiral modes exist, restoring the QHE [79]. However, we
still don’t konw the upper limit of t/lB in order to show well-defined QHE. Certainly
there has no QHE observed in bulk 3D TI samples (t > a few µm) yet.
When the two surfaces have opposite carrier types but one of the them dominates,
well-defined QH states with ν = νt + νb may still be observed, such as the (−1/2, 3/2)
state with σxy = (−1/2 + 3/2)e2 /h = e2 /h and vanishing ρxx . Previous studies in
InAs/(AlSb)/GaSb heterostructure based electron-hole systems [80, 81] also revealed
QH effect with Rxy = h/(νe2 ) = h/(νe − νh )e2 (νe and νe are electron and hole filling
factors, both are positive integers) and vanishing Rxx when the AlSb barrier (separat-
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ing electron and hole gases) is sufficiently thin to enable electron-hole hybridization.
Despite the phenomenologically similarities, our QH system is distinctive in the sense
that the spatially separated electrons and holes residing on the top and bottom surfaces have half integer filling factors, and the hybridization only happens at the side
surface.

Fig. 3.12. (a), (b) Schematics of surface band structures (upper), showing
Landau levels from top and bottom surfaces (blue and red) in the middle
of the sample transitioning into side surface sub-bands at sample edge,
and edge states in a slab-shaped sample (lower) for ν = 1 (a) and ν = 0
(b) states. The dashed line indicates a representative Fermi level Ef and
circles in (a) upper label chiral edge modes.

For the (νt , νb ) = (−1/2, 1/2) or (1/2, −1/2) state, the carrier density on the top
and bottom surfaces are opposite. Since Ef is within the LL gap on both the surfaces,
the finite residual σxx and large Rnl we observed are indicative of dissipative edge
transport. We show a schematic band structure [82] of the (νt , νb ) = (−1/2, 1/2) state
with V slightly smaller than E0−1 in the upper panel of Fig. 3.12(b). There are two
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set of LLs for the top and bottom surfaces (identified by blue and red horizontal lines
in Fig. 3.12b respectively) shifted relatively with energy V . Each of the LL bands has
to connect the sub-bands of the side surfaces smoothly without any crossing, giving
rise to the band schematic shown in Fig. 3.12(b). The Ef (placed near the total
charge neutrality point) crosses an even number (only two shown in this illustrative
example in Fig. 3.12b) of counter-propagating edge modes (arising from sub-bands
of the quasi-1D side surface). The disorder can cause scattering and local equilibrium
between the counter-propagating modes, giving rise to non-chiral dissipative transport
(depicted by a series of conducting loops that can hop between adjacent ones in Fig.
3.12b lower panel) on the side surface with a large and finite resistance. While the
energy spectrum (Fig 3.12b) is expected to have a gap (∆) near the edge (due to
the hybridization between top (marked with blue) and bottom (red) surface zeroth
LLs and approximately the finite-size confinement-induced gap ∼ h̄vF /t ∼ 2 meV
opened at DP of the side surface [82]), we did not observe a truly insulating state
with vanishing σxx and diverging Rxx (even for Sample B at B = 31 T, see Fig. 2.19).
This is likely due to the disorder potential (spatial fluctuation of DP [72]) comparable
or larger than ∆ and thus smearing out this gap (effectively Ef always crosses the
non-chiral edge modes). It would be an interesting question for future studies to
clarify whether the weak T -dependence (at T <∼50 K) of the observed conductance
(Fig. 3.11a), similar to the behavior reported in InAs/GaSb based electron-hole
systems [83], may indicate an absence of localization [84–87] in such quasi-1D resistive
edge channels.

3.9

More discussions
Several recent theories have pointed out that the ν = 1/2 − 1/2 = 0 state in the

TI QH system may bring unique opportunities to realize various novel physics. It
has been suggested that both the ν = 0 state in TI QHE and an analogous quantum anomalous Hall (QAH) state with zero-Hall-conductance plateau in a magnetic
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doped TI around the coercive field can be used as platforms to observe the topological magnetoelectric (TME) effect [88, 89], where an electric (magnetic) field induces
a co-linear magnetic (electric) polarization with a quantized magnetoelectric polarizability of e2 /2h. A zero-Hall-plateau state has been recently observed in the QAH
case in ultrathin (few-nm-thick) films of Crx (Bi,Sb)2−x Te3 at low temperature (<1
K) [90, 91]. In comparison, our samples have much larger thickness (>∼50 nm, suggested to be preferable for better developed TME effect [89, 92]), and our ν = 0 state
survives at much higher temperatures (∼50 K). It has also been proposed that excitonic condensation and superfluidity can occur in thin 3D TIs at the ν = 0 state in QH
regime [93] (in addition to at zero B field [37]) induced by spontaneous coherence between strongly-interacting top and bottom surfaces. In future studies, much thinner
samples are likely needed to investigate the possibility of such exciton superfluidity.
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4. ULTRATHIN FILMS OF A 3D TOPOLOGICAL
INSULATOR
4.1

Introduction
When the thickness of a 3D TI film is reduced to ∼10 nm, the quantum tun-

neling between the two surfaces has to be considered. The TSS acquires a hybridization gap ∆0 at the Dirac point and becomes massive Dirac dispersion E =
p
± (h̄vF k)2 + (∆0 /2)2 . Such a crossover of 3D TIs to the two-dimensional (2D) limit,
as well as their response to magnetic fields, is little explored by electronic transport
measurements in surface-dominant 3D TI systems (such as BSTS).
When the hybridization gap is involved, the LL energy is modified as EN =
p
sgn(N ) 2eBh̄|N |vF2 + (∆0 /2)2 (when N 6= 0, without considering Zeeman energy)
while the zeroth LL (N = 0) splits into two branches (hole-like 0− and electronlike 0+) at E0± = ±∆0 /2 [94, 95]. Those zeroth LLs are special since they are
fixed in energy and fully spin polarized (non-degenerate) [96, 97], in analog to the
zeroth LLs in 2D hexagonal lattices with sublattice pseudospin polarization (such as
graphene with broken sublattice symmetry) [11, 98]. There is a twofold difference in
the degeneracy between higher LLs and the zeroth LLs. Such “zero-mode anomaly”
is a hallmark for massive Dirac systems, in contrast to Schrödinger electrons. The
transport signatures of such nontrivial surface-state Landau levels, originating from
the realistic band structure and inter-surface hybridization, has not been approached
before.
In this Chapter, we will mainly discuss about transport studies on our dualgated BSTS with reducing thickness t down to a few nm and reveal the capacitance
coupling and hybridization effect between the two surfaces. Furthermore, we apply a
large perpendicular magnetic field B to the thin samples to study their LL crossing
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structure and the zeroth LL dispersion. For relatively thicker samples (t > 10 nm), we
can extract their inter-surface capacitance Cm and the BSTS dielectric constant εm
from the measured conductivity color map with a LL crossing structure. For a thinner
device (t = 10 nm) under spatial inversion symmetry (SIS), we observe degeneracy
lifting of the zeroth LL whereas the splitting has a linear dependence on magnetic
field. We extract the growth rate of the zeroth LL splitting with B field from thermal
activation and attribute the linear dependence to the realistic band structure of BSTS
and surface-bulk coupling.

4.2

Sample and measurement at zero B field

4.2.1

Sample preparation and transport technique

Upon using the “Scotch tape method”, we are able to exfoliate BSTS flakes down
to ∼5 nm thick and fabricate them into dual-gated devices (schematic seen in Fig.
4.1a and method described in Chapter 3.1). When the BSTS flake is below 20 nm or
so, the color would look more darkish (see an optical image of a 10-nm-thick device
N3 in Fig. 4.1b), which helps us to identify thin samples. The exact film thickness is
measured by AFM with an error less than ∼1 nm.

Fig. 4.1. (a) Schematic of a dual-gated TI device based on BSTS. (b,c)
Optical images of Device N3 (t = 10 nm) before (b) and after (c) top-gate
metal deposition.
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For all the transport measurements, Keithley 2400 source meters are used to
apply gate voltages (Vtg and Vbg ). Depending on the maximum resistance (Rmax )
of a specific sample, we measure it in different ways for better accuracy. For the
most insulating samples (like Device N4 with t=6 nm and Rmax  MΩ ), we use
two-terminal measurements. A constant AC (applied by Stanford SR830 lock-in with
frequency < 10 Hz) or DC (applied by Keithley 2400 source meter) source-drain
voltage (Vsd = 100 mV or 10 mV) is applied across the sample while the current (I)
is monitored to give conductance (= I/Vsd ). No measurable conductance or any gate
tunability has been observed even at room temperature for BSTS flakes below ∼5
nm, so we didn’t show any data for these flakes. For samples with Rmax less than a
few MΩ (usually t ≥ 8 nm), conventional four-terminal measurements with Hall bar
structures (Fig. 4.1a) are used to measure the resistance. Generally, a low-frequency
(<20 Hz) AC excitation current of 100 nA (when Rmax <∼100 kΩ), 1 nA (∼100
kΩ < Rmax <∼1 MΩ) or 0.2 nA (∼1 MΩ < Rmax <∼10 MΩ), where the current
is reduced for larger Rmax to avoid self-heating effect, is applied by a SR830 lock-in
amplifier (input impedance 10 MΩ). If ∼100 kΩ < Rmax <∼10 MΩ, an extra voltage
preamplifier (model DL 1201) with input impedance of 100 MΩ is added to improve
the accuracy of voltage detection.

4.2.2

Dual-gating with reducing thickness

Upon dual-gating, the carrier types and densities of both the top and bottom
surfaces, thus the measured conductivity can be modulated. By reducing the thickness
of the BSTS flake, the capacitive coupling between the two surfaces becomes stronger
[63, 64]. As it can be seen in the color map of 2D conductivity (σxx = l/(wRxx ))
versus Vtg and Vbg , the black and white dashed lines tracing the Dirac points of top
and bottom surfaces cross and tend to merge together when the thickness t is reduced
from 80 nm to 17 nm (Fig. 4.2a and 4.2b). Further reducing t to ∼10 nm results
in the Dirac points from the two surfaces to become indistinguishable (Fig. 4.2c).
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Fig. 4.2. (a-d) relatively thick samples N1 (a) and N2 (b), the dashed
black and white lines are guides to the eyes indicating the top and bottom
surface charge neutrality Dirac points, respectively. Data are measured
at temperature T = 0.35 K in (a-c), and at T =1.6 K in (d). All data in
this paper are measured with a 4-terminal configuration except for devices
thinner than 7 nm (such as N4), which are measured with a 2-terminal
configuration.

When the sample is only a few nm thick (e.g., Device N4 with t = 6 nm in Fig. 4.2d),
a hard gap opens, as indicated by the highly insulating (two-terminal conductivity
σ  e2 /h, where e ≈ 1.6 × 10−19 C is the magnitude of electron charge) blue region
at T = 1.6 K.
The typical mobility of our sample with thickness ≥∼ 10 nm is a few thousand
cm2 /Vs, which can be referred in the last two Chapters or our publication [61]. For
Device N4 with thickness 6 nm, the mobility is reduced to less than 100 cm2 /Vs for
both electron and hole doped sides. The scattering time τ of the samples can be
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estimated by τ = h̄σ( 2π
)1/2 /(e2 vF ) from Drude model and employing the Einstein
n
relation. The corresponding mean free path can be obtained by lm = τ vF , which
ranges from 10∼40 nm for typical samples (≥∼10 nm thick).

4.2.3

Minimum conductivity and hybridization gap opening

The minimum conductivity σmin and maximum resistivity ρmax (= 1/σmin ) are
reached when the two surfaces are gated simultaneously to charge neutrality points
or Dirac points (we referred as double DP in some of the context). In Fig. 4.3a,
we plotted ρmax as a function of temperature (T ) for a few representative samples.
At t > 10 nm, ρmax shows a metallic behavior (dρmax /dT > 0), implying a zero or
negligible gap. However, at t < 10 nm, a strongly insulating behavior (dρmax /dT < 0)
is observed. Around t = 10 nm, different samples can behave differently. For example, while device N5 exhibits an insulating behavior, another device N3 exhibits a
non-monotonic temperature dependence with its ρmax (T ) close to h/e2 and separating curves with metallic and insulating behaviors. It is consistent with the general
observation from previous studies that the critical resistivity for a metal-insulator
transition in 2D electron systems is on the order of the resistance quantum h/e2 .
In Fig. 4.3(b), we replotted four representative data sets from 4.3(a) as σmin
versus 1/T . The size of non-zero effective transport gap ∆∗0 in thinner BSTS samples
∗

∗

is estimated from thermal activation fit with ρmax ∝ e∆0 /2kB T or σmin ∝ e−∆0 /2kB T
in appropriate temperature ranges, beyond which other conduction mechanisms need
to be considered to describe the temperature-dependent conduction. For example,
in samples with t = 10 nm (Device N3 and N5) and 8 nm, the thermal activation
fit has been applied to the temperature range between ∼3 K to ∼30 K, where an

insulating behavior is observed, to extract ∆∗0 (note that it could be smaller than the
real hybridization gap ∆0 due to smearing effect of potential fluctuations at different
positions). This temperature range is chosen for the following reasons. Usually below
3 K, σmin tends to deviate from a single thermal activation fit. As shown in Fig. 4.3(c)
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Fig. 4.3. (a) Temperature dependence of ρmax in log scale for 5 representative devices, changes from semi-metallic to insulating behaviors with
decreasing thicknesses. (b) Same data from (a) replotted as minimum
conductivity σmin versus 1/T for four BSTS samples. The solid lines are
∗
the corresponding fittings from thermal activation σmin ∝ e−∆0 /2kB T for
the thin samples (typically in the temperature range between 3 K to 30
K). The dashed horizontal line is a guide to the eye for a thicker (14 nm)
sample showing an opposite trend (in σmin versus 1/T ) compared to the
thin ones, indicating a metallic behavior and a zero gap. (c) The σmin
versus 1/T for Device N5 (10 nm thick) in a larger temperature range
(down to 0.3 K). The yellow solid line is the same thermal activation fit
in (b) for higher temperatures while the dashed curve is a fit based on
the formula shown in the (c) for the whole temperature range. (d) In a
6-nm-thick sample, thermal activation fits well in the entire temperature
range (76 K to 300 K), giving a gap size of ∼160 meV. Inset is a typical
back gate dependence for the 2-termial conductivity measured at 76 K for
this device.

of a typical example N5, we can fit the temperature dependent data down to 0.3 K
1/3

with an empirical formula σmin = C1 e−T1 /T + C2 e−(T2 /T )

), which gives T1 =∼ 8 K
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and T2 =∼ 0.02 K. The second term has the form of variable range hopping (VRH)
for 2D (we caution that other forms may be used that also give reasonable fits),
suggesting multiple conduction mechanisms at lower temperatures. Above ∼30 K,
Dirac points usually shift and the peak become much broader in gate-voltage sweeps,
indicating additional conducting channels such as impurities or bulk states.
In Fig. 4.3(d), we showed the thermal activation fit for another 6 nm-thick device
in the temperature range of 76 K to ∼300 K, below which σmin becomes too small
to be detected accurately due to limitation of our instruments. The good linearity of
σmin in logarithmic scale versus 1/T indicates a hard gap opening in this device and
the fitting gives a gap size ∼160 meV, which is much larger than that determined
by ARPES measurements on 6 nm Bi2 Se3 grown by molecular beam epitaxy (MBE,
surface gap barely vanishes at 6 nm) [99] and the theory prediction for Bi2 Se3 (a few
meV at 6 nm) [100, 101]. A much enhanced gap size has also reported previously on
exfoliated Bi2 Se3 thin flakes in ref. [102]. Given the material difference and better
isolated surface conduction, the gap size in our thin BSTS films grows monotonically
with reducing thickness and roughly follow an exponential function ∆∗0 ∝ e−0.7t/[nm] )
(Fig. 4.4 inset). The ∆∗0 grows by about an order of magnitude when t is reduced

by ∼1.4 nm, comparable to what was found for Bi2 Se3 by ARPES [56, 99]. We don’t
have evidence of oscillatory behavior of ∆∗0 versus t and did not observe any signs of
quantum spin Hall effect [100, 101, 103].
Fig. 4.4 shows min at base temperatures (T ≤ 1.6 K) for samples with various
thicknesses. At large t (>∼20 nm), saturates around a value close to 4e2 /h (ref. [61]).
The σmin starts to decrease below 20 nm and drops abruptly to zero below ∼10 nm.

The gap size ∆∗0 extracted from thermal activation is plotted on the right axis of Fig.
4.4.
Our data suggest that a measurable transport gap ∆∗0 (presumably driven by
the inter-surface hybridization) opens at the Dirac point below a critical thickness
tc = 10 ± 1 nm in our samples.
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Fig. 4.4. The σmin (= 1/ρmax , left axis) at low T (<2 K) and the gap
size ∆∗0 (right axis) as functions of sample thickness t. The dashed-dotted
vertical line marks the critical thickness tc =∼10 nm that separates the
semimetal (t > tc , corresponding to the 3D TI phase in the inset with
gapless Dirac SS) and insulator (t ≤ tc , corresponding to the trivial insulator phase in the inset with hybridized and gapped SS) behaviors. The
inset plot shows ∆∗0 in log scale versus t and an exponential fitting.

4.3

QHE in relatively thick samples upon dual-gating
Here, the “relatively thick samples” refer to samples with thickness fairly below

∼100 nm (above which both surfaces are almost independently controlled by the
corresponding gate, we have described this scenario in the last Chapter) but thicker
than ∼10 nm (where hybridization effect starts to play a role). Device N2 and a
12-nm-thick Device N6 (which we’ll discussed more below) fulfill this criterion.
Upon controlling the top and back gate voltages (Vtg and Vbg ) and applying a large
perpendicular magnetic field B = 18 T (schematic shown in Fig. 4.5a) on Device N6,
the color plot of σxx as a function of Vtg and Vbg (Fig. 4.5b) exhibits a LL crossing
structure, which is typical for QH bilayer systems [61, 104]. The dark regions (σxx )
correspond to different QH states that are separated by LLs (peaks in σxx ) of top
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Fig. 4.5. (a) Schematic for a dual-gated BSTS film, showing top and back
gate voltages (Vtg and Vbg respectively) applied to the upper and lower
gate electrodes. A magnetic field (B) is applied perpendicular to the film,
and D is the displacement electric field induced by the top and back gates.
(b) The dual-gating effect on the longitudinal conductivity σxx (in color
scale) in the QH regime measured at B = 18 T and T = 0.35 K for Device
N6 (t = 12 nm) with negligible inter-surface hybridization.

and bottom surfaces. Previously we have shown nearly independent gating over the
two surfaces through tuning Vtg and Vbg in much thicker dual-gated BSTS devices
(∼100 nm, see last Chapter), where the effect from top (or back) gate on bottom
(top) surface is almost completely screened by the inter-surface dielectric environment
(bulk of BSTS) [61]. Here for Device N6, since the sample thickness t is significantly
reduced, the inter-surface capacitance coupling determined by Cm = εm ε0 /t (with ε0
being the vacuum permittivity) per unit area is much larger. As a result, the LLs for
the top and bottom surfaces are distorted from perfectly vertical and horizontal lines
versus gate voltages (Fig. 4.5).
Meanwhile through gate tuning, the corresponding total charge carrier density
n = (Ct Vtg + Cb Vbg )/e + n0 and the applied electric displacement field D = (Ct Vtg −
Cb Vbg )/2 + D0 can be modulated, where Ct(b) is the effective capacitance per unit area
of the top (back) gate and n0 (or D0 ) is the pristine doping (or built-in field) without
applying any gate voltages. For our BSTS on 300 nm thick SiO2 , Cb is extracted to be
∼4.2 nF/cm2 (less than the calculated geometric capacitance ∼11 nF/cm2 ) from Hall
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measurements [49]. The Ct can then be determined from the slope (= −Ct /Cb ≈ 12.6)
of the total charge neutrality line (tracing resistance peaks at zero field, see the white
dashed line Fig. 4.6) and verified by the Hall signal to be ∼54 nF/cm2 , which is
also much smaller than the geometric capacitance ∼ 120 nF/cm2 calculated from the
thickness of the top-gate dielectric h-BN (∼30 nm) and a relative dielectric constant
∼4. The transformed color map of σxx is shown in Fig. 4.7 as a function of converted
n and D/ε0 . The zeroth LLs of the top and bottom surfaces intersect at n = 0 and
D/ε0 = 0 (referred as the double CNP later), where both surfaces are simultaneously
tuned to the Dirac points.

Fig. 4.6. Dual-gating effect of Device N6 at zero field, showing σxx as a
function of Vtg and Vbg with contours measured at T = 0.3 K. The white
dashed line traces the total charge neutrality point.

Non-zero D breaks the SIS and lift the LL degeneracy between the two surfaces,
resulting in the relative energy shift −e∆V of the two surface Dirac cones, where ∆V
is the potential difference between the top and bottom surfaces. For example, when
the top surface is tuned to the 0th LL while the bottom surface is tuned to the 1st
LL (schematic shown in the lower inset of Fig. 4.7), it corresponds to the Nt = 0 and
Nb = 1 LL crossing at D/ε0 ≈ −190 mV/nm in Fig. 4.7. We use a similar method
developed for stacked twisted bilayer graphene [104] to extract Cm and εm for the
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Fig. 4.7. The σxx (in color scale) replotted as a function of (n, D/ε0 ),
calculated from (Vtg , Vbg ) in (b). The LL crossings correspond to certain LL fillings of the two surfaces (blue for top, black for bottom in
the schematic), with two examples indicated by the white arrows, where
−e∆V is the potential difference (or the energy difference between the
Dirac points) between the two surfaces.

BSTS sample. At LL crossings such as the one between the Nt = 0 and Nb = 1 LLs,
√
−e∆V is equal to the 1st LL energy E1 = vF 2eh̄B, where vF ≈ 3.5 × 105 m/s (note
here we assume perfect linear dispersion of the Dirac cones for simplicity). On the
other hand, in the limit of Ct , Cb  Cm (valid for our thin BSTS samples), the electric
field inside the BSTS sample should be Em = ∆V /t = (D − e∆n/2)/εm ε0 (see full
derivation in next section), in which ∆n = −eB/h is the density difference between
the two surfaces and can partially screen the electric field. The εm is extracted to
be 32 ± 2 while Cm is (2.4 ± 0.2) 103 nF/cm2 . Similar measurements on another
two slightly thicker samples (t=14 nm and 17 nm) yield comparable value of εm to be
33±4 and 29±2, consistent with the value extracted for a similar material system [63].

4.4

Bilayer capacitance model
A bilayer capacitance model [63] can be generally applied to a top and back gated

system consisting of two layers of conducting sheets that are spatially separated with
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an insulating dielectric medium (the bulk of BSTS in our case or “vacuum” in the
twisted bilayer graphene case [104]).

Fig. 4.8. A schematic for the bilayer capacitance model. The arrows inside
dielectrics define the positive direction of electric fields Dt(b,m) and Et(b,m) .

A schematic of the model is shown in Fig. 4.8. Here we consider both the surfaces
to be charge neutral (EF at DP) when ungated for simplicity. The εt(b,m) , Dt(b,m)
and Et(b,m) are the relative dielectric constant, displacement electric field and electric
field inside the dielectric of the topgate (backgate, medium between the bilayer),
respectively. The n1(2) is the charge density on the top (back) gate electrode. The
µt(b) and nt(b) are the chemical potential (relative to the DP in our BSTS) and charge
density of the top (bottom) surface of the bilayer sample.
First of all, the εt(b,m) , Dt(b,m) and Et(b,m) are related by:
Dt = εt ε0 Et
Db = εb ε0 Eb

(4.1)

Dm = εm ε0 Em
Then by employing Gauss’s law to the cylinders shown in Fig. 4.8, we have:
Dt = −n1 e
Db = n2 e
Dm = −(n1 + nt )e = (n2 + nb )e

(4.2)
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From the definition of geometric capacitance, we have the capacitance per unit
area of the topgate, backgate and the intersurface capacitance Ct , Cb and Cm to be:
Ct = εt ε0 /dt
Cb = εb ε0 /db

(4.3)

Cm = εm ε0 /t
, where dt , db , t are the thicknesses of the topgate, backgate and the intersurface
dielectrics.
Now considering the voltage loops in Fig. 4.8, we have:
Vtg − Et dt = µt /e
(µt − µb )/e = Em t

(4.4)

Vbg + Eb db = µb /e
From the above equations, we can solve for nt and nb as functions of the applied
gate voltages and chemical potentials:
µt
µt − µb
) − Cm
e
e
µb
µt − µb
enb = Cb (Vbg − ) + Cm
e
e
ent = Ct (Vtg −

(4.5)
(4.6)

For non-degenerate massless Dirac fermions (such as the spin helical surface states
of a 3D TI), µt,b and nt,b are related by:
p
4π|nt |
p
µb = sgn(nb )h̄vF 4π|nb |
µt = sgn(nt )h̄vF

(4.7)

Combining Equation 4.5, 4.6 and 4.7, we can calculate the top and bottom surface
densities at different gate voltages of any given BSTS sample if Ct , Cb and Cm is
known (assuming vF ≈ 3.5 × 105 m/s). If the surface mobility (µmobi ) is known,
we can compute the conductivity to be σ = µmobi (|nt | + |nb |)e (neglecting different
mobilities for the two surfaces, charge puddle effect near DP and any correlation
between the two surfaces in this simplified Drude model).
We can also extract the (Vtg , Vbg ) relation for any given scenario of nt and nb . For
example, for Device N6 that we have known of all the capacitances (see last section),
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we can compute the charge neutrality lines (the traces of DPs) for its top and bottom
surfaces (black and orange lines, respectively, in Fig. 4.9). The (Vtg , Vbg ) relation is
extracted by assuming nt or nb to be zero. Note here we didn’t consider any initial
doping of the two surfaces so double DP is located at the origin (instead of non-zero
value usually seen in experiments).

Fig. 4.9. The traces for the DPs of top (blue) and bottom (black) surfaces
simulated for a 12-nm-thick sample such as Device N6. The double DP is
located at the origin since no initial doping is considered here.

We can also simulate a LL diagram with dual-gate tuning for Device N6, where the
density of each surface LL is nt,b = eB/Nt,b h. As seen in Fig. 4.10, the simulation is
in good agreement with experimental result (Fig. 4.5b), where peaks in σxx represent
LLs.

4.5

Splitting of the zeroth LL in thin 3D TIs
In this section we will focus on the discussion of the measurements of a thinner

sample (Device N3) with t ∼10 nm. We show the color plots of σxx (Fig. 4.11a) and
σxy (Fig. 4.11b) as functions of converted n and D/ε0 at B = 18 T. In contrast to the
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Fig. 4.10. Simulated LL spectrum tuned by gate voltages for Device N6.
The blue and black curves (labeled by the corresponding LL index Nt and
Nb ) represent the LLs for the top and bottom surfaces, respectively.

observation in thicker samples (e.g. Device N6 in Fig. 4.7), the LL crossing at double
CNP (n = 0 and D = 0) is avoided here (highlighted by the arrow in Fig. 4.11a),
indicating a gap opening at the zeroth LL crossing. Meanwhile, the corresponding
σxy is quantized to a zero value (ν = 0), smoothly connecting the white regions (Fig.
4.11b) of the layer polarized (νt , νb )=(1/2, −1/2) (upper ν = 0) and (−1/2, 1/2)
(lower ν = 0) states with broken SIS.
The line cuts of the color plots at D=0 cross the original point and other states
under SIS. We have also measured such line cuts directly by simultaneously tuning
Vtg and Vbg with a relation of Vtg = f (Vbg ) = 0.097 ∗ Vbg − 0.32 (V) to ensure zero D
(data at different fields are presented mainly in Fig. 4.13). Examples at B = 30 T
of the measured resistances (Rxx and Rxy ) and the converted conductivities (σxx and
σxy ) are shown in Fig. 4.12(a) and Fig. 4.12(b), respectively. Quantized plateaus at
Rxy = h/νe2 and σxy = νe2 /h are clearly observed at ν = −1, 1, 3, 5 accompanied
by deep minima in both Rxx and σxx , consistent with the odd integer fillings ν =
2(N + 1/2) expected for normal QH states in 3D TIs under SIS (D = 0). At the CNP
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Fig. 4.11. (a) The σxx and (b) σxy as functions of n and D/ε0 , measured
at B = 18 T and T = 0.35 K for Device N3 (t = 10 nm) with inter-surface
hybridization. In (b), different QH states are labeled with their corresponding total integer filling factors ν associated with Hall quantization
σxy = νe2 /h or Rxy = h/νe2 .

(Vtg = −1 V), Rxx shows a large resistance peak while Rxy has a small kink near zero.
It is only more observable in the conductivities that there is actually a QH-like state
associated with a dip in σxx and a plateau in σxy (=0) at the CNP, corresponding
to the gap opening at the even-integer filling ν = 0. Meanwhile, the ν = 0 gap is
sandwiched between the extended states of a hole-like LL and an electron-like LL that
are assigned as 0− and 0+, respectively. The 1e2 /h step in σxy across the 0− or 0+
LL implies that the zeroth LLs are non-degenerate, while high LLs have 2e2 /h step
and thus twofold degeneracy. This is consistent with the LL spectrum for massive
Dirac fermions and indicates that our 10 nm thick Device N3 has a hybridization gap
opening (Fig. 4.3).
The LL fan diagram of σxx versus gate voltages at D = 0 is shown in Fig. 4.13a
while the corresponding Hall conductivity σxy at different B fields is plotted in Fig.
4.13b. Again, there are QH states at odd integer fillings ν = −1, 1, 3, 5 accompanied
by an even integer ν = 0 state. Note that at highest fields (≥∼40 T), additional
plateaus at even integer fillings ν = ±2 are developing (Fig. 4.13b), as precursors of
further degeneracy lifting presumably due to the interplay between Zeeman energy
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Fig. 4.12. (a,b) Representative measurements of Rxx , Rxy (a) and σxx ,
σxy (b) versus Vtg at B = 30 T and D = 0, where Vtg (a function of Vbg as
f (Vbg )) is simultaneously tuned with Vbg to ensure zero D.

and hybridization gap at high fields (schematic shown in Fig. 4.13d) [94]. The gate
voltage values for the 0− and 0+ LLs as well as their separation clearly show linear
dependence with B (Fig. 4.13a and Fig. 4.13c). As the ν = 0 state corresponds to
an insulating state with gap size ∆B , the movement of the Fermi level is proportional
to the change of gate voltage through localized impurity states inside the gap [102].
Hence, it implies a linear growth of the gap size ∆B with B field (schematic shown
in Fig. 4.13d) with an expression ∆B = K0 ∗ B − Γ , where K0 is a prefactor and
Γ is the offset presumably due to the difference between the zeroth LL broadening
(assuming no dependence on B) and the hybridization gap at zero field.
We have also measured the temperature dependence of the Rxx peak value at
ν = 0 (n = 0) and D = 0 (Fig. 4.14a). Again, the insulating behavior of Rxx is
consistent with a gap opening. A thermal activation Rxx (T ) ∝ e∆B /2kB T is used to
extract the gap size ∆B (inset of Fig. 4.14a), which is plotted in Fig. 4.14b. The K0
and Γ is determined from the linear fit to be 0.013 meV/T (∼0.22 µB , where µB is
Bohr magneton) and 0.057 meV respectively.
The linear growth of ∆B versus B is unexpected since the 0− and 0+ LLs are
both spin polarized in the same direction, Zeeman effect would not contribute to their
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Fig. 4.13. (a) The σxx (color plot) and (b) σxy as functions of Vtg and
different magnetic fields for Device N3, showing developing of the QH
states with filling factor and the splitting of the 0− and 0+ LLs with
increasing B field. The Vbg and Vtg = f (Vbg ) are simultaneously tuned to
fix D = 0. (c) Magnetic field (B) dependence of the measured Vtg values
associated with the 0− (red square symbol) and 0+ (black) LLs and the
separation between the two (blue). The dashed lines are linear fits for
each data set. (d) Schematics for the band structure and evolution of LL
spectrum of TSS massive Dirac fermions with increasing perpendicular
magnetic field (B), showing the growth of the gap size B between the
non-degenerate zeroth LLs (0− and 0+). Higher LLs (such as the ±1
LLs) are nearly doubly degenerate.

separation (∆B ) change. The zeroth LL splitting and the corresponding dispersion
with magnetic field has been numerically calculated for ultra-thin Bi2 Se3 with intersurface coupling [105]. Since the Dirac points is closer to the bulk valence band, the
lower branch (namely 0−) of the zeroth LLs is more affected by the bulk states and
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Fig. 4.14. (a) The longitudinal resistance Rxx at the ν = 0 state (D = 0)
as a function of temperature T in different magnetic fields for Device N3.
The Rxx (T ) exhibits insulating behavior while the corresponding thermal
activation fits with Rxx (T ) ∼ e∆B /2kB T are shown in the inset. (b) The
extracted gap size ∆B vs B and a linear fit (dashed line).

deflects towards the valence band. This gives rise to an approximately linear splitting
of the zeroth LL with magnetic field. As the BSTS has similar band structure as
Bi2 Se3 , similar mechanism might account for the observation here. The inter-surface
electron correlation mediated by high magnetic fields can play a role in lifting the
degeneracy of LLs. For example, the zeroth LL splitting at half-filling and the resulted
ν = 0 insulating state have been extensively studied in graphene [106–109], where
electron-electron interaction is believed to give rise to a canted antiferromagnetic
insulator phase [110, 111] that can possibly support spin superfluidity [93]. However
such many-body effect usually requires samples with much higher mobility (orders
higher comparing to ∼1000 cm2 /Vs for our BSTS) and needs to be clarified by future
studies.
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5. IN-PLANE MAGNETIC FIELD INDUCED
INSULATOR-SEMIMETAL TRANSITION IN THIN 3D
TOPOLOGICAL INSULATORS
A pair of Dirac points (analogous to a vortex-antivortex pair) associated with opposite
topological numbers (with ±π Berry phases) can merge together through parameter
tuning and annihilate to gap the Dirac spectrum, offering a canonical example of a
topological phase transition. As shown in the last Chapter, when the BSTS sample
is reduced to ∼10 nm thick, the Dirac cones from the top and bottom surfaces can
hybridize (analogous to a “merging” in the real space) and become gapped (trivial
insulator). We further observe that an in-plane magnetic field can drive the system again towards a metallic behavior, with a prominent negative magnetoresistance
(MR, up to ∼ −95%) and a temperature-insensitive resistivity close to h/2e2 at the
charge neutral point. The observation is interpreted in terms of a predicted effect
of an in-plane magnetic field to reduce the hybridization gap and eventually restore
and split again the Dirac points in the momentum space, inducing a distinct 2D
topological semimetal (TSM) phase with 2 single-fold Dirac cones of opposite spinmomentum winding [48]. Such insulator-semimetal transitions of SS as controlled by
the TI thickness and magnetic fields can be exploited for topological electronics and
spintronics applications.

5.1

Theory
The basic theoretical model we use has been explained in ref. [48]. Here we

present a detailed derivation and show how to understand the underlying mechanism
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intuitively. We first start with the effective model of the Hamiltonian for the massless
Dirac fermions of a 3D TI surface states:
H = h̄vF (ẑ × σ) · k

(5.1)

where ẑ = (0, 0, 1) is the unit vector normal to the surface, σ = (σx , σy , σz ) is the Pauli
matrices (for the real spin) and k = (kx , ky , kz ) is the wavevector. The corresponding
gapless Dirac band structures (ε = ±h̄vF |k|) for the surface states of a 3D TI film is
depicted in Fig. 5.1(a) shown with the helical spin-momentum locking. As long as
the film is thick enough and the time reversal symmetry is preserved, the two massless
Dirac cones remain intact.

Fig. 5.1. (a,b) Schematics of the two surface Dirac cones with opposite
spin helicities for a relatively thick TI sample (a) and the gapped surface
band structure due to the hybridization of top and bottom SS for a very
thin TI sample (b). The gap size at zero field is denoted as ∆0 .

However, when a 3D TI film is thin enough, the tunneling (or so called hybridization) between the top and bottom surfaces must be considered. The thin TI system
can be modeled by a surface state Hamiltonian which has the following form:
H = h̄vF τz (ẑ × σ) · k + ∆τx

(5.2)

in the basis of |u ↑i, |u ↓i, |d ↑i and |d ↓i, where the top and bottom surfaces can be
considered as pseudospins (u and d, respectively) with corresponding Pauli matrices
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τi (i = x, y, z), ↑ and ↓ represent the real spin up and down states and ∆ is the
tunneling term in the zeroth order approximation (the identity matrix in the real
spin space is implicit in the ∆τx term). The band (depicted in Fig. 5.1b) acquires a
p
massive Dirac dispersion ε = ± (h̄vF k)2 + (∆0 /2)2 , where ∆0 = 2∆ is the gap size.
Such semimetal-insulator transition induced by reducing thickness has been verified by our transport measurements in BSTS (see more details in last Chapter). The
critical thickness tc for the transition is typically ∼ 10 nm.
Consider a thin 3D TI film with the top and bottom surfaces located at z = ±t/2,
where t is the film thickness. Assume the film is subject to a magnetic field B = B x̂
parallel to the film surface and in the x direction, we can introduce a vector potential
A = −Bz ŷ to the kinetic momentum h̄k + eA. Now the TI surface state Hamiltonian
becomes:
H = vF τz (ẑ × σ) · (h̄k − τz eBtŷ/2) + gµB σx B/2 + ∆τx

(5.3)

where gµB σx B/2 is the Zeeman energy term with g (which would be ≈ 2 in free
space) being the in-plane g-factor for the topological surface states and µB is the
Bohr magneton. Since σx B = (ẑ × σ) · B ŷ, the Hamiltonian can be simplified as:
H = vF τz (ẑ × σ) · [h̄k − τz (et/2 − gµB /2vF )] + ∆τx

(5.4)

which corresponds to a 4 × 4 matrix:


0
ikx + (ky − κB )
∆/h̄vF
0




−ikx + (ky − κB )

0
0
∆/h̄vF


h̄vF 


∆/h̄vF
0
0
−ikx − (ky + κB )


0
∆/h̄vF
ikx − (ky + κB )
0
(5.5)
with a magnetic wavevector κB = (et/2 − gµB /2vF )B/h̄. The spectrum of the Hamiltonian is given by:
r
ε=±

q
(h̄vF )2 (kx2 + ky2 + κ2B ) + ∆2 ± 2(h̄vF κB ) ∆2 + (h̄vF ky )2

(5.6)

For non-zero ∆, the surface band structure undergoes a quantum phase transition
at a critical magnetic field B = Bc satisfying |h̄vF κB | = ∆. At B < Bc , the spectrum
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Fig. 5.2. (a) Evolution of the surface band structure from a trivial insulator to a 2D topological semimetal (TSM), upon increasing in-plane B
field in a thin TI sample with hybridized SS. The gap ∆B decreases linearly with B and is closed when ∆0 = |EB |, where EB = (gµB − etvF )B.
Red/blue arrows depict spin textures of the gapless Dirac cones, separated
in the momentum space for 2D TSM, respectively. (b) Schematic of the
orbital motion (normal to B and x direction) of spin-helical SS electrons
for a 3D TI film.

(shown in Fig. 5.2a) has solution ε = ±(∆±|h̄vF κB |) at k = 0. Here the band is trivial with a band gap of ∆B = ∆0 − |EB |, in which EB (= −2h̄vF κB = (gµB − etvF )B)
defines an effective magnetic (Zeeman-like) energy. The two terms in EB correspond
to the contributions from the actual Zeeman coupling and the Aharonov-Bohm phase
gradient and actual Zeeman coupling, respectively. It can also be understood semiclassically as follows. For an electron moving around the circumference of a cross
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section (normal to B, see Fig. 5.2b) at velocity vF , it gains extra energy from the
magnetic field due to an orbital magnetic moment with magnitude of:
µorb = I ∗ S =

e
wt
∗ wt =
evF
2(w + t)/vF
2(w + t)

(5.7)

where I is the current generated by the electron surrounding the loop with area
S (rectangular shape with sides w and t) and e is the elementary charge. In the
limit of w  t, which is satisfied in our BSTS samples (usually with w a few µm
and t tens of nm or less), µorb = etvF /2. Due to the spin-momentum locking of
the surface states, the electrons with clockwise and counter-clockwise motion possess
opposite spin directions that are parallel and anti-parallel to B (Fig. 5.2b), thus
having opposite total magnetic moments of ∓(gµB /2 − etvF /2), respectively. This
gives a splitting (Fig. 5.2a) of each band (into two sub-bands) with the magnetic
field, where one sub-band shifts up in energy by |(gµB − etcF )B/2|, and the other
sub-band shifts down by the same amount. A similar analysis applies for the hole
band near the gap. Overall, the gap size decreases by an “effective energy” (acting
like a Zeeman energy) EB = (gµB − etvF )B. One can also define an effective g-factor
gef f = EB /(BµB ) = (g − etvF /µB ) accordingly.
At B > Bc , the spectrum (shown in Fig. 5.2a) becomes gapless and restores two
Dirac cones separated in the momentum space along the ky direction. This gives an
intriguing topological 2D semimetal phase induced by the large in-plane magnetic
field.
For ∆ = 0, the band structure reduces to the case for thick films without hybridization:
ε = ±h̄vF

q
kx2 + (ky ± κB )2

(5.8)

which simply implies two relatively shifted Dirac cones in momentum space at ky =
±κB .
We have also considered a more realistic band structure with a quadratic term
(h̄k)2 /2m∗ added to the Hamiltonian, with m∗ being the effective mass. It’s found
that only the Fermi velocity vF to the linear term h̄vF τz (ẑ × σ) · k contributes to the
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effective energy EB . We estimated m∗ ≈ 0.17me and vF ≈ 1.3 × 105 m/s from the
angle-resolved photoemission spectroscopy measurements of bulk BSTS (courtesy of
Chang Liu).

5.2

Effect of an in-plane magnetic field on relatively thick samples

Fig. 5.3. (a,b) Resistivity of Device N2 measured as a function of the
top-gate voltage (Vtg ) at various in-plane B fields at T = 0.3 K, where (a)
is the raw data set while (b) is the generated 3D contour plot. The corresponding Vbg ’s are carefully tuned such that the Vtg sweeps go through the
global resistivity maximum max. (c,d) The ρmax (and the corresponding
MR, right axis) measured (at fixed Vbg and Vtg labeled in the figure) as
a function of in-plane B field measured at T = 0.3 K (c) and multiple
temperatures (d).

Resistances of the thicker and thinner samples respond to the in-plane magnetic
field differently at low temperatures. For consistency, the samples are mounted with
current direction parallel to B (unless otherwise specified). We have measured multi-
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ple samples by either sweeping Vtg (with Vbg carefully tuned and then fixed at voltages
such that these Vtg sweeps go through maximum resistivity ρmax ) at different in-plane
B fields, or measuring ρmax versus in-plane B at fixed gate voltages. For relatively
thick samples such as Device N2 (dual-gating effect at zero field seen in last Chapter)
with t = 17 nm> tc , the in-plane field up to ∼31 T only induced a relatively small
positive MR of ∼ 40% (Fig. 5.3, noting ρmax (B) is approximately proportional to
B 2 at low fields and proportional to B at higher fields). We also noticed that with
increasing B field, there is a crossover from the metallic to non-metallic behavior (seen
from the temperature dependence of the data at fixed fields, with two examples at 0
T and 31.5 T shown in the inset of Fig. 5.3d) at 6 T.
We also showed similar measurements on another two relatively thick samples
(Fig. 5.4). Both of them exhibit small positive MR at double DP and over the entire
gate sweeping ranges.
In relatively thick samples, we shouldn’t expect any MR effect with the in-plane
magnetic field as its contribution to the Hamiltonian can be eliminated by a gauge
transformation (see last section). The small positive MR observed here could be
related to magnetic field induced spin-flip scattering process [112].

Fig. 5.4. Additional data showing the in-plane field effect on ρxx of another (a) 12-nm-thick and (b) 14-nm-thick sample, showing only small
positive MR in the range of gate voltages. Both are measured by tuning
the top gate voltage through ρmax at fixed back gate voltages and base
temperature (0.3 K).
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5.3

Large negative MR in thinner samples

5.3.1

Devices

In this section, we’ll mainly focus on the in-plane measurements on thinner devices
N3 (see measurements with zero and perpendicular field on this device in the last
Chapter) and N5 (see an optical image in Fig. 5.5a and 5.5b) both with thickness
around 10 nm. At zero field, Device N5 shows maximum resistivity ρmax near Vbg ≈30
V and Vtg ≈1 V (note that depending on gate sweep histories, the exact peak position
could vary slightly) at zero field and base temperature T = 0.3 K.

Fig. 5.5. (a,b) Optical images for the BSTS device N5 before and after topgate metal deposition. The BSTS flake is etched into a Hall-bar structure
and covered with a hexagonal boron nitride (h-BN) flake (∼24 nm thick) as
top-gate dielectric. (c) The four-terminal 2D resistivity ρxx as a function
of top and back gate voltages (Vtg and Vbg ) for Device N5. The behavior
is similar to that of Device N3 with resistivity peak along the total charge
neutral line (dashed white line). However, Device N5 is initially more n
doped and has a larger ρmax (∼ 10h/e2 ) as identified from the maximum
resistivity peak in the line cut (shown in the inset) along the dashed line
near Vbg = 34 V.
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5.3.2

Negative MR in Device N3 and N5

Fig. 5.6. (a,c) Resistivity of three representative devices (N3 and N5)
measured as a function of the top-gate voltage (Vtg ) at various in-plane
B fields at T = 0.3 K. The corresponding Vbg ’s are carefully tuned such
that the Vtg sweeps go through the global resistivity maximum max. (b,d)
The ρmax (and the corresponding MR, right axis) measured (at fixed Vbg
and Vtg labeled in the figure) as a function of in-plane B field for the two
devices (N3 and N5 respectively).

At small in-plane fields (<∼5 T), devices N3 and N5 also show some positive MR
(for N5, we also observed an additional tiny cusp with negative MR near 0 T, see
Fig. 5.6). Such low-field features in thinner devices disappear when we increase the
temperature to just a few Kelvin (see Fig. 5.8), thus are attributed to phase coherent
transport [113, 114]. In the following, we mainly focus on the higher magnetic field
data showing a giant negative MR that has only been observed in thin samples with
insulating behavior. For example, in Device N3 (Fig. 5.6a and 5.6b), ρmax drops
dramatically above ∼5 T and saturates at high field (∼30 T) to ∼ 0.45h/e2 . Notably
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for the more insulating sample N5 (Fig. 5.6c and 5.6d), ρmax drops by a factor of
∼20 (giving an MR∼ 95%) from a very resistive value of ∼ 12h/e2 at B = 0 T to a
value (∼ 0.55h/e2 ) again close to h/2e2 at B = 45 T.

5.3.3

More details about the gate sweeps

Most of the data of N5 were taken in a hybrid magnet system (B up to 45 T) at
NHMFL (Tallahassee, FL), referred as “first cool down”. During the experiments, we
notice that adjusting both gates is time consuming and could easily cause hysteresis
thus uncertainties in the doping level of the two surfaces. Instead, for consecutive
measurements (at different temperatures and magnetic fields), we fix Vbg at 30 V
and identify the resistivity peak in top gate (Vtg ) sweeps (always sweeping in the
same range and same rate ∼40 sec/V) as the global maximum resistivity ρmax (e.g.
Fig. 5.6d). We note that during the measurements of this set of data, the outer
superconducting magnet of the hybrid magnet is maintained at 11.4 T and can not
be changed (Fig. 5.6c). Fig. 5.7(a) and 5.7(b) show typical examples of these Vtg
sweeps. In Fig. 5.7(a) the in-plane magnetic field is maintained at 11.4 T while the
temperature is varied. In Fig. 5.7(b) the magnetic field is varied (using the inner
resistive magnet of the hybrid magnet) while the temperature is kept at 0.3 K. It
confirms our general observation that neither the in-plane B field nor the temperature
(below T ∼25 K) shifts the peak position (see also Fig. 5.3, Fig. 5.4 and Fig. 5.6).
Therefore we can measure ρxx at fixed gate voltages by continuously changing inplane B fields in Fig. 5.6(d) (note the outside superconducting magnet is shut down
during this specific run, allowing the sweeping of both positive and negative magnetic
fields up to ∼34 T) and Fig. 5.8 (measured at different temperatures below ∼25 K
in a third cool down). The inset of Fig. 5.7a shows the typical configuration with
in-plane field parallel to current direction for most of our measurements.
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Fig. 5.7. The ρxx as a function of top gate voltage Vtg with fixed Vbg =30
V at (a) in-plane B = 11.4 T and various temperatures and (b) (same
data shown in Fig. 5.6c) different in-plane magnetic fields and T = 0.3
K. Below ∼25 K, the corresponding Vtg position of the resistivity peak
is almost the same at ∼1.7 V. Above ∼25 K, the peak position deviates
from the constant value ∼1.7 V and the peak value is not used for the
thermal activation fittings in next section. The inset of (a) shows the
measurement configuration with the in-plane field parallel to the current
(I) direction. The inset of (b) shows the ρmax (extracted from the peak
values in b) in log scale as a function of the corresponding B field. The
red solid line is a guide to the eye of the linear dependence of log (ρmax )
with B below ∼30 T. Above 30 T, ρmax tends to saturate towards h/2e2 .

5.3.4

Temperature dependence of the MR

In Fig. 5.8 we show an additional set of measurements (referred as the third cool
down) of the dependence of ρmax on the in-plane field B at different temperatures
when both surfaces are tuned to charge neutrality points (fixed gate voltages). As
shown in Fig. 5.8(a), the low field features (below 5 T), including a cusp near B = 0
and some positive MR, are both smeared out at T > 6 K. The cusp feature was
not observed in the less insulating sample N3, and could be attributed to quantum
interference effect of VRH transport in a strong localization regime [114]. The positive
MR may be related to the suppression of hopping transport due to spin polarization
at localized states by moderate magnetic field (∼5 T) [115]. In contrast, the negative
MR shown at higher fields (> 5 T) is much more robust at elevated temperatures
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(still pronounced at 27 K). The Ln[(2e2 /h)ρmax ] follows a linear dependence on B in
the intermediate field range (10 T∼30 T), consistent with the plots in the inset of
Fig. 5.11(b). The ρmax is observed to saturate toward ∼ h/2e2 at even higher fields
(>30 T, inset of Fig. 5.7b).

Fig. 5.8. (a) The measurements of ρmax (at fixed gate voltages) in Device
N5 as a function of the in-plane magnetic field B in different temperatures
in a third cool down. The highest field is 31.5 T. The ρmax in log scale
shows a linear dependence on B above a few T, with the corresponding
plots of Ln[(2e2 /h)ρmax ] versus B in the positive field range shown in (b).
All the linear fits (dashed lines) converge to a critical field Bc = 36.2 T,
with Bc values for different curves extracted from the intercept on the
B-axis plotted in the inset.

5.3.5

MR anisotropy

According to the theory explained in part Section 5.1 and also in ref. [48], the
negative MR has no requirement for the magnetic field direction as long as it is
parallel to the surface (in-plane). In Fig. 5.9, we showed the magnetotransport data
of Device N5 in a configuration where the in-plane magnetic field is perpendicular
to the current direction. In this case, we still observe a large negative MR above
5 T and it reaches −85% at 31 T. This contrasts with the negative MR associated
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with chiral anomaly in 3D Dirac/Weyl semimetals [43] and with various scattering
mechanisms [116,117], as in those cases the negative MR disappears when the current
is orthogonal to B. The field and temperature dependences we observed, as further
discussed below, are also different from the behavior due to quantum interference
effect in a variable-range-hopping regime [118].

Fig. 5.9. The in-plane field dependence of ρmax (left axis) and the corresponding MR (right axis) for Device N5 in a configuration (schematic in
the inset) with in-plane field (B) orthogonal to the current (I). The top
right inset shows ρmax in log scale versus B.

The residual resistivity ∼ 2h/e2 at 31 T is found to be higher comparing to
∼ h/e2 in the parallel configuration (Fig. 5.6d and 5.8) where a rotation probe is used
(same for all other in-plane field measurements) and allows fine adjustment of angles
(according to the minima in Rxx and |Rxy |) to minimize the out-of-plane component.
Typically, out-of-plane magnetic field induces positive MR (see an example of Device
N3 in Fig. 5.10 while adjusting field direction relative to the sample plane). We
note that the configuration used in this particular measurement (Fig. 5.9) could
cause a small out-of-plane component of magnetic field due to imperfect alignment
during sample mounting. This can partially explain the slightly higher resistivity
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at large fields comparing with the parallel-to-current configuration. More work may
be needed to investigate if yet some other mechanisms can contribute to the small
in-plane anisotropy.

Fig. 5.10. The magnetic field dependence of ρmax for Device N3 with
various angles between the magnetic field (in the yz plane) and the sample
surface (the xy plane). The y-axis is along the current direction and z-axis
is normal to the sample surface. The negative MR almost disappears with
a small tilting angle θ ≈ 10◦ , due to the out-of-plane component of the
magnetic field.

5.4

In-plane magnetic field induced insulator-semimetal transition
We performed systematic Vtg sweeps (fixed Vbg = 30 V) to extract ρmax with in-

plane B fields from 11.4 T to 45 T in Device N5 at various temperatures. As shown in
Fig. 5.11a, the insulating behavior of ρmax (T ) is strongly suppressed at higher fields.
At the highest field (45 T), ρmax saturates to a value close to ∼ h/2e2 and becomes

relatively insensitive to temperature. We estimated the thermal activation gap ∆∗B at
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each B field from the slope of ln [(2e2 /h)ρmax ] versus 1/T in the temperature range
of 3 K to 22 K (Fig. 5.11a inset) and plotted it versus the corresponding B in Fig.
5.11(b), which also displays the gap size measured in another (second) cool down for
B up to 18 T. The gap size ∆∗B is found to differ slightly over different cool-downs
but exhibits a similar linear dependence on B in the intermediate field range (5 T∼30
T).

Fig. 5.11. (a) The ρmax of device N5 (t ∼10 nm) as a function of temperature at different in-plane B from 11.4 T up to 45 T. Inset shows the
∗
corresponding thermal activation (ρmax ∝ e∆B /2kB T ) fittings, while the
extracted ∆∗B is plotted (filled circles) as a function of B in (b) along with
data measured from another (second) cool down. (b) The linear fits for
both cool downs (solid and dash lines, respectively) indicate a gap closing
at Bc between 35 to 40 T, consistent with the inset showing the converging
(at Bc =36 T) of all the linear fittings from ln [(2e2/h)ρmax ] versus B at
different temperatures.

Extrapolating the linear fits in Fig. 5.11(b) to zero suggests that the gap would
close at a critical field (Bc ) between 36 T to 40 T, around which we observe the
sample (N5) to become metallic (dρmax /dT > 0, see Fig. 5.11a) below T ∼ 2 K.
However, some non-metallic behavior (dρmax /dT < 0) can still be observed between
2 K to 22 K even at the highest fields (Fig. 5.11a) and fitted to a thermal activation,
giving ∆∗B that deviates from the red solid line (Fig. 5.11b). A non-metallic behavior
under large in-plane magnetic fields was also observed in gapless samples such as N2
with t = 17 nm (Fig. 5.3d). The reason for this behavior remains to be understood
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(note a gap opening is not expected in such thick samples). We have also verified
that ln [(2e2 /h)ρmax ] is linear with B (<∼25 T) at different temperatures and all the
fitted lines converge to a critical field of Bc ∼36 T (inset of Fig. 5.11b). This also
suggests ∆∗B ∝ (Bc − B), with a saturation resistivity ∼ h/2e2 (when ∆∗B ∼ 0) and
gap closing at Bc ∼36 T at fixed temperatures.
5.5

Discussion
Such large negative MR and the corresponding insulator-semimetal transition have

not been reported before in thin nonmagnetic 3D TIs with surface dominant conduction. The relatively small negative MR previously shown in Bi2 Se3 with in-plane
magnetic fields are attributed to bulk carriers and can be understood by semiclassical
Boltzmann formalism considering the Berry curvature and orbital moment of the bulk
states [119]. Our observations of distinct behavior between thick and thin BSTS samples may be interpreted in terms of a theoretical prediction by A. A. Zyuzin et al. [48]
as discussed in Section 5.1. Generally, in thick TIs the in-plane magnetic field B (set
to be along the x direction) can introduce opposite shifts (along ky ) of top and bottom
surface Dirac cones in the momentum space. This does not produce any MR effect in
thick 3D TIs but will prevent the two Dirac points from annihilation and eliminate
the hybridization gap in thin TIs (schematics shown in Fig. 5.2a). Semiclassically,
a spin-helical SS electron with spin orientated along the B field (thus spin magnetic
moment −gµB /2) moves clockwise around the circumference (Fig. 5.2b) with orbital
magnetic moment (parallel to B field) µorb ≈ etvF /2 [120]. Both the spin and orbital
magnetic moments couple to the B field, giving rise to an effective Zeeman energy
EB = gef f µB B = (gµB − etvF )B (total effective gef f = g − etvF /µB , the second
term can also be considered as due to the Aharonov-Bohm phase gradient between
the two opposite surfaces). In thin TIs with hybridization gap ∆0 (at zero B field),
one can show (ref. [48] and Section 5.1) that the massive Dirac band is spin-split by
the above “effective Zeeman energy”, shrinking the hybridization gap linearly with B
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as ∆B = ∆0 − |EB |. The gap vanishes at a critical field Bc (|EB | = ∆0 ), where the
dispersion near k = 0 becomes quadratic along ky and linear along kx (see Fig. 5.2a).
With further increasing B (> Bc ), two Dirac points are restored and separated by
p
EB2 − ∆20 /h̄vF along ky . This gives rise to a distinct 2D TSM that is topologically
stable as long as the translational symmetry is preserved [48].

Fig. 5.12. The gap size extracted from thermal activation can be underestimated (resulting in a smaller realistic value ∆∗B = ∆B − δ) due to the
smearing effect of potential fluctuations (δ) at different positions.

The above mechanism can qualitatively explain the trend we observed in experiments. However, the slope of the linear fitting yields the gap closing rate |EB /B| ≈
0.02 meV/T (corresponding to |gef f | ≈ 0.33). This is nearly two orders of magnitudes
smaller compared with |EB /B| ∼ 1 meV/T estimated for a 10-nm sample by A. A.
Zyuzin et al. [48], which assumed g = 2, leading to a negligibly small contribution
from the Zeeman effect. Our results imply a large g, giving rise to a Zeeman term
(gµB B) that is comparable with the orbital term (etvF B). Thus, the two nearly cancel to give a small |EB /B|, which can be used to extract the in-plane SS g-factor if the
Fermi velocity vF is known. Assuming a typical vF = 3.5 × 105 m/s for topological
SS with purely linear dispersion, we get a g-factor of ∼60. In actual 3D TI materials
such as BSTS, the surface Dirac cone contains substantial nonlinearity that can be
described by a quadratic mass term added to the SS Hamiltonian. Subsequently, a
reduced vF = 1.3×105 m/s, which describes the linear part in the Hamiltonian, yields
a g-factor of ∼20. It has been pointed out that the Zeeman coupling of the SS carriers
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can be highly anisotropic [78]. In previous experiments, only an out-of-plane SS gfactor is determined and found to vary significantly in different TI materials [121,122].
Our study provides a method to extract the in-plane g-factor of SS carriers. We have
to note that in our experiments, the gap size extracted from thermal activation is an
effective transport gap (∆∗B ) (or namely a transport gap) and can be smaller than
the real band gap size (∆B ) due to disorder-induced smearing, namely ∆∗B = ∆B − δ,
where δ is a correction due to the potential fluctuations (likely to be on the order
of several meV or higher [123]) in the system (Fig. 5.12). Therefore, the observed
apparent metallic behavior (∆∗B reaching 0) in Device N5 above Bc ∼36 T does not
necessarily indicate the realization of the 2D TSM phase, which requires closing the
real gap ∆B and possibly much larger magnetic field than Bc (noting the relatively
small gap-closing rate of 0.02 meV/T in light of the estimated δ ∼meV in our BSTS
samples). It might be easier to realize the 2D TSM phase (at lower B field) in other
TI systems with a smaller or even negative g-factor (so the gap closing rate can be
much larger than that in our samples). It would also be interesting for future studies
to clarify whether the saturation resistivity ∼ h/2e2 is related to the modification of
band structure and magnetic field induced spin-flip scatterings
To summarize, our experiments have demonstrated a transition from an insulator
to semimetal induced by either increasing the sample thickness (last Chapter) or an
in-plane magnetic field in an ultrathin film of BSTS with hybridized and gapped surface states (this Chapter). The in-plane magnetic field can shrink the hybridization
gap and give a large negative MR we observe that may be exploited for technological applications. Sufficient in-plane magnetic field can drive the thin 3D TI with
hybridization gap to a 2D TSM phase, which would have 2 single-fold Dirac cones
separated in the momentum space and provide a 2D analogue of Weyl semimetal
(even though strictly speaking Weyl fermions cannot be defined in even spatial dimensions [42]). Such a TSM (with the momentum space displacement between its
Dirac cones tunable by the in-plane magnetic field) can possess interesting 1D edge
states [11, 124], which are analogous to the Fermi arcs in 3D Weyl semimetals [42]
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and also signatures that future experiments (e.g. performed at even higher magnetic
fields) can search as more definite evidence for the TSMs.
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6. FUTURE DIRECTIONS
In this thesis, we mainly described transport measurements on BSTS, which is an
“intrinsic” 3D TI material with very small bulk doping ( 1015 cm−3 ) at low temperature. We discovered well-defined QHE arising from the TSS of BSTS in relatively
thick (∼100 nm) and thin (∼10 nm) BSTS devices. The “half-integer” contribution
of each surface (top or bottom) to the QHE can be tuned individually by the corresponding gate voltages (top or back gate) in a dual-gated device. Upon reducing
the sample thickness, we further observed hybridization effect between the top and
bottom surfaces. A semimetal-insulator transition is observed around a critical thickness (Tc ) ∼10 nm, indicating a gap opening at the Dirac point. An out-of-plane or
in-plane magnetic field tends to increase or decrease such a hybridization gap, respectively. Under sufficiently large in-plane magnetic field, a semimetallic behavior is
restored. We attributed such in-plane field induced insulator-semimetal transition to
magnetic coupling (due to spin and also orbital magnetic moment) and the resulting
band structure change.
Till now, many novel experiments proposed for 3D TIs have been demonstrated.
Yet, there still remained many possibilities and chances in this rapidly growing field.
In this chapter, I will present some foreseeable future directions that are applicable
to 3D TIs and related materials based on my experiences and thoughts in this field.

6.1

Material difficulty and improvement
Ideally, for the transport study of the novel TSS as well as their applications,

one would prefer a 3D TI to have a large bulk band gap, totally insulating bulk
and high mobility surface states. As I have stated in the previous chapters, many
of the prototypical 3D TIs (such as Bi2 Se3 and Bi2 Te3 ) are suffering from naturally
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occurring defects, which prevent them to be “intrinsic” and show surface dominant
transport behavior. Although some doping techniques (such as substituting Ca to
Bi2 Se3 [125] or electrochemical doping [64]) can help reducing the doping levels, it
inevitably introduces more scattering centers which lower the performance of the
devices.
Our BSTS is still so far one of the best 3D TIs in terms of insulating bulk and
robust TSS. However, even though we do observe QHE (which is an indication of good
quality of the 2D electron gas) in this system, the required magnetic field is relatively
large (> 10 T) and the LL energy broadening is on the order of 10 meV, which
overwhelms the QH states for higher LLs (N ≥ 3). The TSS mobility (a few thousand
cm2 /Vs) of BSTS has became a limitation for observing some more exotic phenomena
such as fractional QHE due to electron-electron interactions (even at the highest
DC field 45 T). The quality is far from comparable with another 2D Dirac material
graphene, which has been demonstrated to reach millions of cm2 /Vs in mobility [126]
when encapsulated with atomically flat h-BN. However, the h-BN encapsulation does
not help boost the performance of our BSTS. It seems like the factors limiting the
TSS mobility might be charged impurities and randomness between Bi/Sb inside the
crystal itself and those are rather difficult to get rid of [123].
Recently, MBE grown Bi2 Se3 on In2 Se3 /(Bi0.5 In0.5 )2 Se3 buffer layer with better
lattice match has been proved to produce low doping Bi2 Se3 with decent mobility (up
to ∼10,000 m2 /Vs) which enables the observation of QHE [127] and a demonstration
of quantized Faraday and Kerr rotation effects from the TSS [128]. This gives a hint
on how to further improve the performance of 3D TIs with a controllable growth
technique.
Another 3D TI crystal Bi2 Te2 Se (BTS221) is also promising in terms of getting
high-quality surface states and minimizing bulk contribution. BTS221 has a ordered
structure in contrast to BSTS [123]. BTS221 bulk crystal have shown insulating
behavior and exhibited SdH oscillations from TSS in freshly cleaved samples [3,30,36].
However, the TSS of BTS221 is not as robust as BSTS. The aging effect of the
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TSS in BTS221 has been studied by transport [3] and STM [123]. Basically, the
experimental observation is, if a freshly cleaved BTS221 is quickly transferred (within
a few minutes) into a low-temperature vacuum chamber, the Fermi level of TSS is
within the bulk band gap and the sample will show signature of high-quality surface
states. However, if the sample is left at room temperature (no matter kept in high
vacuum or ambient condition), the surface state will get n doped and eventually the
Fermi level is shifted into the conduction band. The STM study [123] suggests that
BTS221 has better ordering in the Te and Se layer at the atomic scale while for BSTS
the randomness between Bi/Sb or Te/Se somehow helps to pin Fermi level in the bulk
band gap.
It should be possible to prepare fresh BTS221 devices within a short time (∼10
min) by transferring BTS221 flakes onto pre-patterned contacts and covered with
h-BN for protection from degrading. Hopefully, through this way the BTS221 thin
devices can show much better TSS mobility and some strong correlation effects.

6.2

Coulomb drag and exciton condensation
It has been suggested that in the intermediate thickness (possibly 10∼30 nm) of

a 3D TI, the inter-surface Coulomb interaction can also gap out the surface state and
lead to exciton condensation [37, 129], whereas an experiment verification is missing.
It would be interesting to explore such phenomena in dual-gated 3D TI samples with
higher quality and thickness around this range. In thin devices, the two surfaces can
not be treated independently as two conducting sheets in parallel (namely Gtot =
Gt + Gb , in which Gtot is the total conductance while Gt and Gb is the non-interacting
conductance for top and bottom surfaces respectively) any more. The Coulomb drag
(in which the charge current in one surface drags a charge current in the other surface
through a inter-surface electron-electron interactions) between them should play a role
in correcting the total conductance expression. It would be interesting to investigate
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such coulomb drag effect in a unipolar (meaning n-n or p-p doped) or ambipolar (n-p
or p-n doped) doping configuration of the two surfaces.
Another approach is to build bilayer 3D TI van der Waals heterostructure to
study the interlayer Coulomb drag and the potential exciton condensation effect.
The exciton condensation and perfect Coulomb drag in a solid state system was
firstly demonstrated in a GaAs/AlGaAs double quantum well structure [130] and
recently in double bilayer graphene [131,132]. Similarly, by building a double-layer TI
heterostructure without (sometimes the oxidization layer on the surface can serve as a
spacer) or with a thin h-BN spacer (see the device images as an example in Fig. 6.1),
we can study such effects in a topological material system. The Coulomb interaction
came from surfaces of two individual TI flakes, namely the bottom surface of upper
layer and top surface of lower layer (Fig. 6.1). The advantage of such a device would
be that it can support contacts on each TI flake to be measured separately, which is
difficult to achieve in single-flake devices. We can also measure the tunneling current
between the two layers as a function of bias voltage and magnetic field. Unluckily,
no substantial drag signal has been observed so far. In the future, TIs with higher
mobilities (such as BTS221 or heterostructures grown by MBE) can be used for such
studies.

6.3

Magnetization of the TSS via proximity coupling
Out-of-plane magnetization of the TSS would generate a gap at the Dirac point

due to the broken of time-reversal symmetry. It subsequently causes a change in
the Chern number of the system and generates a chiral edge states without any
external magnetic field [13, 14, 23]. It is the so-called quantum anomalous Hall effect
(QAHE), which is crucial for designing next-generation dissipationless and spintronic
devices. The conventional approach widely used is to introduce magnetic elements
in the TI thin films. It has been successfully realized in Cr or V-doped (Bi,Sb)2 Te3
MBE films [24, 133]. However, it depends on the substitution of Bi/Sb atoms with
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Fig. 6.1. A representative 3D TI bilayer device that has been fabricated.
It consists of two BSTS flakes that are stacked together. We show optical
images before (a) and after (b) the bottom flake is etched into a regular
“H-bar” shape.

magnetic ions. The mobility of the sample is usually quite small (below tens of
cm2 /Vs) and the temperature for realizing the QAHE is very low (∼mK). A promising
alternative way to magnetize the TSSs of TIs is through interfacial magnetic proximity
induced by engineering heterostructures of ferromagnetic insulators and TIs. Several
recent experiments have demonstrated high temperature ferromagnetism induced by
proximity coupling in 3D TIs [134, 135].

Fig. 6.2. (a,b) Images of two representative TI+FM heterostructure devices. The TI is BSTS and FM is CrSiTe3 (CST). The top of the device
is covered with an h-BN flake for protection. (c) The device schematic.
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Recently 2D van der Waals ferromagnetic insulators have been demonstrated in for
example CrI3 and CrGeTe3 [136, 137]. It provides the possibility of engineering proximity coupling with TIs through the fabrication of 2D van der Waals heterostructures.
It could potentially improve the interface quality and help induce ferromagnetism into
the TSS. Hopefully, the temperature for realizing QAHE can be increased (despite it’s
not clear yet whether higher Curie temperature for ferromagnetism is helpful for realizing QAHE at a higher temperature). In Fig. 6.2, we show some preliminary device
images and structure schematics based on BSTS and a 2D ferromagnetic insulator
CrSiTe3 (CST, with Curie temperature ∼30 K for bulk). However, no induced ferromagnetism has been achieved so far. Next step would be focusing on improving the
interface quality and trying to implement with different 2D ferromagnetic insulators
(such as CrI3 ). Ideally, a sandwiched structure consisting of FM+TI+FM (where FM
is short for ferromagnet) is needed to magnetize both the top and bottom surfaces of
a 3D TI in order to generate QAHE with chiral edge states (see a schematic in Fig.
6.3), as first suggested by Xiao-Liang Qi et al. [25].

Fig. 6.3. A schematic showing a 3D TI sandwiched between two FM
layers for inducing QAHE with chiral edge states. The FM layers have
out-of-plane magnetization Mz . The structure is adapted from ref. [25].
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6.4

More discussions
There are some other more general ideas for example to realize Majorana fermions

in the TSS by proximity coupling with an s-wave superconductor [26]. An experimental demonstration is still lacking. The bulk insulating 3D TI BSTS provides an
opportunity for realizing such a proposal. Furthermore, we can also try to induce
superconductivity in the QH regime of a 3D TI to probe chiral Majorana modes with
a signature of 1/2e2 /h Hall quantization [138], similar to the recent discovery on
quantum anomalous Hall samples in proximity with superconductor [?].
There are also many other interesting proposals for 3D TIs that await experimental demonstrations, such as spin-based Mach-Zehnder interferometry in 3D TI p-n
junctions [139] and photo-induced QHE [140, 141]. In a long term, the seeking of
a better 3D TI system and improvement on material engineering could potentially
make 3D TI more applicable for applications and novel physics studies.
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A. FERROMAGNETISM IN MAGNETICALLY DOPED
3D TOPOLOGICAL INSULATORS
Topological insulators (TIs) doped with transition metal impurities (such Cr, Fe,
Mn, V, etc) have attracted considerable interest as a platform to exhibit quantum
anomalous Hall effect (QAHE), which is a QHE but without any external magnetic
fields to develop LLs. The system is also called a Chern insulator as it’s a direct
consequence of the topological characteristic of its band structure. To realize such
a QAHE, the magnetic elements have to show long range ferromagnetic ordering.
Secondly, it requires the Fermi level to be placed inside the surface band gap opened
by breaking time-reversal-symmetry. Currently, such QAHE has only been observed
in Cr or V doped (Bi,Sb)2 Te3 TI thin films grown by molecular beam epitaxy (MBE)
technique [24,133]. For application purpose, the quest for a QAH system with higher
Curie temperature and stability has motivated us to look for some other possible
growth methods (mainly Bridgman method here) and sample compositions. We have
successfully grown and measured Fe, Cr and Mn doped Bi2 Se3 and (Bi,Sb)2 Te3 , Cr
doped Bi2 Te3 and Bi2 Te2 Se. Some of them showed ferromagnetism but most of them
did not. We’ll discuss some of our preliminary results on Cr doped (Bi,Sb)2 Te3 , which
exhibits ferromagnetic ordering, as well as obstacles in realizing the QAHE.

A.1

Anomalous Hall effect in Cr0.15 (Bi0.1 Sb0.9 )1.85 Te3

The nominal crystal composition Cr0.15 (Bi0.1 Sb0.9 )1.85 Te3 (shorted as CrBST hereafter) is chosen to match that of the MBE-grown films [24].
The inset of Fig. A.1 is an optical image of the CrBST crystals grown by Bridgman
technique. It can be seen that our bulk samples show large, flat surfaces, indicating high crystalline quality. Raman spectroscopy with 532 nm excitation laser has
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performed in a confocal Raman microscope (HJY Xplora) as a fast, non-destructive
monitor of the crystalline quality. A representative Raman spectrum is shown in Fig.
A.1. Three Raman peaks at proximately 72 cm−1 , 113.5 cm−1 and 165.9 cm−1 agree
well with the characteristic lattice vibration modes A11g , E2g and A21g observed in a
previous study of (Bi1−x Sbx )2 Te3 when x is close to 0.9 [142]. Another Raman peak
at 132 cm−1 is possibly due to the replacement of Cr atoms at the position Bi or Sb,
which contributes to a new vibration mode.

Fig. A.1. Representative Raman spectrum measured on a CrBST crystal.
Four characteristic Raman peaks are labeled. Inset: an optical image of
CrBST single crystals.

Fig. A.2(a) shows the four-terminal longitudinal resistance (Rxx ) as a function of
temperature (T ) of a 30 µm thick cleaved bulk crystal device CrBST1. The Rxx is
decreasing with decreasing T , indicating a metallic behavior of our sample. The Hall
resistance as a function of B field measured at different temperatures is summarized
in Fig. A.2(b). The carrier (p-type) density and mobility extracted from the low-B
N
measurements (using linear region of Hall signal Rxy
, which is due to normal Lorentz
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force Hall effect) are 5.7 × 1020 cm−3 and ∼80 cm2 /Vs at 1.6 K respectively. It
suggests that the bulk crystal is highly doped and the Fermi level is deeply buried in
the valence band. The hall resistance Rxy as a function of a perpendicular magnetic
field (B, applied along the c axis) of sample CrBST1 shows hysteresis loops, which
is also know as anomalous Hall effect (AHE), below a transition temperature Tc ∼ 5
K as shown in Fig. A.2(b). Above Tc , Rxy is roughly linearly dependent on B. For
clarity, curves are offset in 2 × 10−4 Ω steps with respect each other. The width and
amplitude of the hysteresis loops (reflecting ferromagnetism) both became larger at
N
A
lower temperatures. Generally, hysteretic Rxy can be decomposed as Rxy = Rxy
+Rxy
,
N
N
where Rxy
is proportional to B and Rxy
is due to the AHE. The AHE term can be
A
expressed as Rxy
= SH (T )M (T ), where SH (T ) is a scaling constant and magnetization

M (T ) can be tracked from the B = 0 extrapolated Hall resistance Rxy .

Fig. A.2. (a) Temperature dependence of the 4-terminal longitudinal resistance (Rxx ) of device CrBST1 (a bulk crystal, thickness ∼30 µm). (b) Hall
resistance (Rxy ) of device CrBST1 as a function of magnetic field (B) at
different temperatures. For clarity, curves are vertically offset in 2 × 10−4
Ω steps with respect to the 1.4 K curve.

Thin flakes (thickness <100 nm) have been exfoliated onto (300 nm)SiO2 /(pdoped, 500 m)Si substrates to reduce the thickness of the CrBST crystal, achieve
better uniformity, and reduce the transport contribution from the bulk. A representative device (sample CrBST2) structure is shown in Fig. A.3. All electrical
contacts are fabricated by optical lithography followed by metal deposition. The
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magnetotransport results for both Rxx and Rxy at zero back gate voltage and different temperatures are shown in Figs. A.3(b),(c), respectively. We can see that both
the Rxx and Rxy show strong temperature dependences. When T is higher than 12
K, Rxx shows a negative magnetoresistance with a broad peak around zero B field.
As the temperature is decreased to 10 K, we observe a pronounced “cusp” like peak
near zero B field, indicating a possible weak localization (WL) effect and providing
evidence for breaking time reversal symmetry in our sample, consistent with the existence of ferromagnetism [143]. At T = 1.4 K, we observe a hysteresis loop between
−0.1 T and 0.1 T. As for the corresponding Hall resistance, at T = 12 K, it is linearly
dependent on B. At around 10 K (Tc of sample CrBST2), anomalies (nonlinearity) in
Rxy (B) starts to appear. Further decreasing T , a hysteresis loop is clearly observed,
indicating existence of ferromagnetic ordering in our sample. We note that due to
the nonuniformity in the crystal growth process, magnetization can vary in different
locations. That can be one reason why sample CrBST1 and sample CrBST2 show
different transition temperatures and magnetization strength.

A.2

Discussions

The goal is to examine whether in such devices one can observe the QAH effect
with Rxy fully quantized at h/e2 . As can be seen in the transport data, one main
obstacle in approaching QAHE is the highly conducting bulk. For future work, one
way to address this issue is to tune the doping level by varying the non-magnetic
elemental ratio in CrBST, such as lowering the Te content to decrease the anti-sites
defects (p-type dopants). One may also try to reduce the sample thickness down
to less than 10 nm, which could enhance the surface conduction contribution by
increasing the surface to bulk ratio, and further tune the Fermi level by backgating
or ion liquid gating. Additionally, it is also interesting to perform measurements in
high B at various tilting angles (which have not been explored in QAH experiments
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Fig. A.3. (a) An optical microscope image of device CrBST2 (exfoliated
thin flake, thickness <∼100 nm). (b) Longitudinal resistance (Rxx ) vs B
at three different temperatures. Note that the 1.4 K data has been shifted
down by 0.47 Ω vertically for clarity. (c) Hall resistance (Rxy ) vs B at six
different temperatures. For clarity, the curves are offset in 0.4 Ω steps with
respect to the 1.4 K data.

so far) to investigate whether the in-plane magnetization could induce QAH effect as
proposed by theorists [144].
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B. THERMOELECTRIC MEASUREMENTS IN 3D
TOPOLOGICAL INSULATORS
3D TI materials are also expected to offer opportunities to enhance energy efficiency of
thermoelectric (TE) devices [145]. We note that most of the prototypical TI materials,
such as Bi2 Se3 and Bi2 Te3 , are also widely-commercialized TE materials with high
figure of merit (ZT∼1, at ordinary temperatures, ∼270 to 400 K). However, both
Bi2 Se3 and Bi2 Te3 have substantial bulk conduction due to a significant amount of
unintentional doping in the bulk. This has been one major challenge for the transport
and device studies of TI, as a highly conducting bulk would “short-out” the TSS
conduction and mask the transport features associated with TSS.
Here we report our preliminary thermal power (Seebeck coefficient) measurements
on bulk Bi2 Te2 Se (BTS221) crystals (this part has been published in Ref. [146]) and
thin flakes of BSTS. Since both of our BTS221 and BSTS have been shown to be
bulk insulating and surface conduction dominating at low T , studying their Seebeck
coefficient at various temperatures will likely provide much insights about thermoelectric transport of TSS and distinguish surface from bulk contributions. Furthermore,
as the chemical potential of BSTS device can be tuned electrostatically, it leads the
observations of ambipolar behavior in thermoelectric transport measurements.

B.1

Measurements on a Bi2 Te2 Se bulk crystal

We have synthesized high quality BTS221 crystals by Bridgman method from
highly purified (99.9999%) elemental starting materials (Bi, Te and Se). Small pieces
of single crystals were cleaved by razor blades, and then fabricated into quasi-Hall bar
type devices by attaching contact leads with indium for various transport experiments.
In order to perform Seebeck measurements in our cryostat, we built a home-made
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Seebeck stage. An optical image of the stage is shown in Fig. B.1(a), and Fig.
B.1(b) shows the schematic diagram. On our Seebeck stage, a piece of BTS221
crystal was suspended by two glass substrates. On each substrate, a platinum (Pt)
stripe (thickness ∼100 nm), serving as a thermometer, was deposited by e-beam
evaporation. Temperature dependent four-terminal resistances of each Pt stripe were
later measured individually. A pair of thermometers was used to probe temperature
gradient ∆T cross the BTS221 crystal by monitoring the resistance change in the Pt
stripes. Finally, a film heater was attached to one end of the crystal across which
a temperature gradient can be generated by passing electrical current through the
heater. After tuning on the heater, we measure voltage difference caused by ∆T , and
then calculate S by ∆V /∆T . Here we present a representative result measured in a
BTS221 crystal (L × W × T ∼ 10 mm×3 mm×200 µm).
Fig. B.1(c) shows a 4-terminal longitudinal resistance as a function of T from 1.8
K to 220 K by slowly warming up the sample. The resistivity increases as temperature
decreases, indicating an insulating behavior. Our data can be fitted to Arrhenius law
(Rxx ∼ e∆/kB T , where kB is the Boltzmann constant, and ∆ is an activation energy
gap used as the only fitting parameter) very well with ∆ ∼35 meV from 88 K to
220 K as shown in the inset of Fig. B.1(c). Below 20 K, the resistivity begins to
saturate. It suggests a surface conduction dominated region. At base temperature,
the resistivity reaches ∼6 Ω·cm which is comparable to the largest bulk resistivity
values have ever been reported in this material [36].
Seebeck coefficient of the BTS221 crystal measured in a intermediate T range
(between 50 K and 290 K) was shown in Fig. B.1(d). The positive S indicates a
p-type carrier, consistent with the Hall measurement in this sample (data not shown
here). As T increases up to ∼300 K (room temperature), S slightly increases. The
values of our measured S at room temperature are found to be only comparable
to previous measurements at slightly different composition [147]. The inconsistency
might come from the Fermi level difference or inhomogeneities inside the big bulk
crystals. We believe the Seebeck coefficient measured in the intermediate T range
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Fig. B.1. (a) An optical image of one Bi2 Te2 Se single crystal sample
mounted on a home-made Seebeck measurement stage. (b) Schematic diagram. (c) Four-terminal Rxx (also resistivity) as a function of temperature.
An excitation energy ∼35 meV was extracted by fitting the data to Arrhenius law (as shown in the inset with blue line showing the experimental
data and red line the fitting curve). (d) Seebeck coefficient measured in the
sample between 50 K and 290 K.

still involve substantial contribution from the bulk. Future measurements at lower T
and in thinner flake devices may be helpful to resolve the surface contribution.

B.2

Gate-tunable ambipolar Seeback coefficient in BSTS devices

We have also fabricated thermoelectric devices based on our best 3D TI material
BSTS with surface-dominant conduction. Fig. B.2 is an optical image of a typical device (BSTS33K) on SiO2 (300 nm)/Si substrate. The deposited gold stripes
are served as a heater (to generate a temperature gradient), thermometers (through
the measurement of resistance change versus thermal gradient) and voltage probes
respectively. So besides the Seebeck measurement, this structure enables us to in-
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dependently measure the electrical resistance/conductance of the device. The highly
doped silicon substrate can be used as the back gate to tune the Fermi level or the
carrier density of the BSTS surface states.
The thermoelectric measurements were performed with a lock-in technique at low
frequency (<∼20 Hz) in an evacuated cryostat, with base pressure ∼ 10−6 Torr.
An AC current I0 sin(ωt) is applied to the strip heater, which is electrically isolated
from the BSTS sample. It generates a temperature gradient across the device with
a oscillatory component proportional to sin2 (ωt) ∼ sin(2ωt − π/2). The resistance
change ∆R1,2 of the thermometers is measured individually by supplying a DC current
(IDC ∼ 100−200 µA) to them and monitoring the voltage drop ∆V1,2 at 2ω frequency
(with a π/2 phase shift). Then we have ∆R1,2 = ∆V1,2 /IDC . From the resistance
changes in the Thermometer 1 and 2, we can extract the temperature difference ∆T
between them if R1,2 (T ) is known (calibrated separately). The thermoelectric voltage
∆V built up across the device is measured between Thermometer 1 and 2 again at
2ω frequency (with a π/2 phase shift). Then the Seebeck coefficient S is extracted
by ∆V /∆T .

Fig. B.2. An optical image of a BSTS thermoelectric device (Device
BSTS33K). The BSTS flake is ribbon-like with thickness of ∼ 9 nm.
In Fig. B.3, we show some preliminary data measured on BSTS33K. As can
be seen, the sample exhibits clear ambipolar field effect with sweeping gate voltage
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up to room temperature. The resistance peak (associated with Dirac point or charge
neutrality point) is roughly concomitant with the sign change of Seebeck coefficient S.
Similar ambipolar Seebeck coefficient in 3D TIs has been reported for exfoliated Bi2 Se3
[148]. However, Bi2 Se3 is naturally highly doped and requires additional treatment
to reach Dirac point, limiting their main observation to below ∼150 K.

Fig. B.3. Electric and thermoelectric transport measurements of BSTS33K.
(a) Field effect of four-terminal resistance Rxx at different temperatures. A
single resistance peak becomes broader and persists up to room temperature, as an indication Dirac point or charge neutrality point. (b) Ambipolar
Seebeck coefficient S vs back gate voltage Vbg at different temperatures. (c,
d) Rxx and S vs Vbg shown in the same panel at two representative temperatures 300 K and 77.5 K, respectively.

126

C. TRANSPORT AND POINT CONTACT
SPECTROSCOPY IN TI/SC HYBRID STRUCTURES
The promise of realizing fault-tolerant quantum computations with non-abelian particles such as Majorana fermions has motivated us to investigate the platform of a 3D
TI in proximity to s-wave superconductors (SC) [14,26]. Here, I’ll describe our preliminary results in fabricating 3D TI + SC hybrid structures as well as the corresponding
transport and point contact spectroscopy measurements.

C.1

Resistance anomalies in Bi2 Te3 with superconducting indium electrodes

C.1.1

Introduction

Fig. C.1. A temperature dependence of resistance measured on a Bi2 Te3
bulk sample with silver paste (normal metal) contacts.

For highly doped 3D TI materials such as pristine Bi2 Se3 and Bi2 Te3 , the temperature dependence of the resistance would show metallic behavior, which means that
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the resistance deceases with decreasing temperature (due to suppression of electronphonon interaction from bulk) and usually saturates at low temperature (due to
residual impurity scattering). We show a typical Rxx (T ) curve measured for a bulk
Bi2 Te3 sample in Fig. C.1 with normal metal contacts. However, we have found that
when replacing the normal metal contacts (usually silver paste) by superconducting
contacts such as indium on Bi2 Te3 in such transport measurements, there are some
resistance anomalies. For example, the resistance does not saturate but show an
upturn below the superconducting critical temperature (Tc ). The critical field (Bc )
of such transition is also much enhanced comparing to the critical field of pristine
indium. Similar findings has been reported by Z. Wang et al. [149] and pointed to be
related to the induced superconductivity in Bi2 Te3 .
Indium itself is a soft metal with low melting point ∼156 ◦ C. Its commonly used
for making ohmic contacts for electrical measurements. Pure indium is a type I s-wave
superconductor with critical temperature Tc ∼3.4 K and the critical field Bc =∼0.03
T. We examined the pristine indium (purity 99.9995% ∼ 99.9999%) and found the
Tc and Bc to be consistent with reported values (see Fig. C.2).

Fig. C.2. (a), (b) Pure indium resistance (with a residual value subtracted)
as a function of temperature and magnetic field (T = 1.7 K), respectively.
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C.1.2

Multiple superconducting transitions

We fabricate a hybrid structure consisting of a piece of bulk Bi2 Te3 and indium soldered on top middle of Bi2 Te3 , which creates a larger interface between Bi2 Te3 /indium
comparing to simply using indium as contacts [149] (see as schematic in the inset of
Fig. C.3).

Fig. C.3. Four terminal resistance Rxx as a function of temperature in one
sample with a hybrid structure of Bi2 Te3 /indium (see a device schematic
in inset).

In Fig. C.3, we show the measurement on one such sample with normal contact
(silver paste). Interestingly, there are multiple resistance drops corresponding to
superconducting transitions at ∼5.8 K, 4.6 K and 2.8 K respectively.
We suspect that such multiple transitions above the Tc of indium (∼ 3.4 K) stems
from the formation of In/Bi alloy or compound, such as In2 Bi and In5 Bi3 . These
compounds have very low melting point (89.5 ◦ C for In2 Bi and 85.5 ◦ C for In5 Bi3 )
and have been reported to show higher critical temperature (5.6±0.1 K for In2 Bi [150]
and 4.1 K for In5 Bi3 [151]) and higher critical field. The solid solution of In/Bi can
show two transitions at about 5.6 K and 4.1 K with a composition between In2 Bi and
In5 Bi3 [151]. The Tc can also vary continuously between 4.6 K to 5.4 K when the Bi:In
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ratio is less than 1/2 and higher than ∼6%. Such In and Bi alloy or compound could
be formed during the preparation of the hybrid structures, since heating or strain is
unavoidable in bring together indium and Bi2 Te3 through the soldering (> 200 ◦ C)
process.
Also surprisingly, we found a prominent resistance upturn below the lowest transition temperature at ∼2.8 K. This transition and the resistance upturn are unexpected
and worth more investigations.

C.1.3

Resistance upturn

In order to get rid of the effect of indium and bismuth alloying, we also tried to
prepare the indium layer (typically 100 nm thick) by thermal evaporation. The Bi2 Te3
is always kept cool (<50 ◦ C) during the process. In this case, no multiple transitions
are observed anymore, but the resistance upturn remains below the superconducting
transition at ∼2.8 K (Fig. C.4a), which could be due to the induced superconductivity
in Bi2 Te3 .

Fig. C.4. Measurements on Bi2 Te3 /In hybrid structure fabricated by evaporating indium. (a) The normalized resistance (R0 is the resistance on normal side at a given field) vs temperature at different perpendicular fields.
The superconducting transitions (marked by triangles in a) also follow BCS
theory (b) and gives Bc at ∼0.23 T.
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We performed systematic study on this sample by cooling it down at different
magnetic fields. As shown in Fig. C.4(a), all the transition temperatures shift to
a lower value with higher magnetic field, typical for superconducting transitions.
We also fit the critical temperature versus the applied field for the three obvious
transitions in Fig. C.4(b) by using the formula from BCS theory:

Bc ≈ Bc (0)[1 − (

T 2
)]
Tc

(C.1)

, where Bc is the critical field at given temperature T , Tc is the critical temperature at
zero field and Bc (0) is the critical field at zero temperature. It gives reasonably good
fitting to the transitions (middle points of the transition is used for fitting, marked
by triangles in Fig. C.4a). The fitting yields a critical field of Bc (0) ≈ 0.23 T at zero
temperature. We also noticed that this value is much larger than the critical field of
indium (∼0.03 T).

Fig. C.5. (a) Magnetoresistance measured at different temperature with
perpendicular magnetic field. (b) Magnetoresistance measured with perpendicular and in-plane magnetic field respectively at ∼0.3 K.
We also did magnetotransport measurements on this sample by applying perpendicular magnetic field at different temperatures. It can be seen that the critical field
becomes larger at lower temperature. The magnetoresistance shows an upturn below
the critical fields at T <1.8 K). The upturn almost scales linearly with field at constant temperature (Fig. C.5a) or linearly with temperature at fixed field (Fig. C.4a).
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Above the critical temperature (∼2.8 K), the magnetoresistance recovers a parabola
shape, consistent with pristine Bi2 Te3 measured with normal contacts. We also saw
some inconsistency between applying perpendicular and in-plane magnetic field (Fig.
C.4b), the mechanism is not understood yet.

C.1.4

Discussions

The resistance upturn observed in our Bi2 Te3 -indium hybrid structures is not
limited to indium as a superconductor or Bi2 Te3 as a TI material. We also see
such upturn behavior in Bi2 Se3 -indium or Bi2 Te3 -niobium systems (not shown here).
Given the universality of such upturn behavior, we would ask what is the underlying
mechanism. One possible qualitative explanation is from Wang et al. [152]. They
suggest that the spin-helical surface states (Bi2 Te3 or Bi2 Se3 ) are not compatible with
the spin-singlet Cooper pairs of a s-wave superconductor (indium or niobium), such
that spin flipping process must take place at the interface between a superconductor
and a TI and give rise to a resistance enhancement. Meanwhile, there are still some
other phenomena that have not well understood yet, such as the much enhanced
critical field comparing to pristine indium, the role of perpendicular and in-plane
magnetic field, etc. More work is needed to address such questions. We have to note
that such resistance upturn has also been observed for GaAs (also a system with
strong spin-orbital coupling) with indium contacts [153].
For future studies, there are a lot of other interesting physics to explore when
bringing together a TI and a superconductor, especially the elusive Majorana particles, as first proposed by Fu and Kane [25].
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C.2

Point-contact spectroscopy in a TI/SC hybrid structure

C.2.1

Introduction

A point contact refers to a micro-contact with dimension (a, between two metals)
that is comparable or much smaller than the mean free path (lm ). In this case, the
I − V curve (or differential conductance

dI
dV

) across the contact could deviate from

Ohm’s law and have non-linear characteristics, allowing to reveal an energy resolved
spectroscopy (so called point-contact spectroscopy, shorted as PCS). The PCS is
valuable for extracting useful information such as electron-phonon interactions or
superconducting gap and order parameters of superconductors.

Fig. C.6. Methods of preparing a point contact. (a) A bridge (through
the hole) connecting two metal films which are separated by an oxide film.
The bridge can be created artificially by mechanical loads (causing the
oxide film damage) or by electric breakdown. (b) “Needle-anvil” method,
in which a very small tip/needle is brought in contact with a metal surface.
Typically, people fabricate a needle-like tip with electrochemical etching
or physical cutting. (c) Shear (“crossed-wire”) method, in which a sample
wire is gently touching the other. (d) A tiny drop of silver paste/In-flake
between a Au wire and sample to form point contacts.

Specifically, the point contact between a normal metal and a superconductor deals
with Andreev reflection and normal reflection process at the interface, which can be
understood by Blonder-Tinkham-Klapwijk (BTK) theory [154]. Through fitting of the
differential conductance with BTK theory, one can extract the the superconducting
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gap (∆), the quasiparticle scattering rate (Γ), and a dimensionless parameter, Z,
describing the strength of the potential barrier at the junction.
There are several ways of fabricating such a point contact (see a few examples in
Fig. C.6). There is also a “break-junction” technique, in which a single sample is
broken into two pieces that are then brought back into contact. Our main approach is
similar to the “needle-anvil” method (Fig. C.6b). We cut a thin Au or Pt wire (typical
diameter∼30 µm) with razors and place the fresh cut end on the sample with pressure
to achieve slight compression in the wire. Some people apply a drop of highly diluted
GE7031 varnish in the contact area in order to protect the rather fragile contact
against mechanical damage during the experiments (such as unavoidable mechanical
vibration during sample loading).
The contact diameter a can be estimated by Sharvin formula in a ballistic regime:
Rs =

2h
e2 kF2 a2

(C.2)

, where Fermi wave number kF can be taken as ∼ 14 nm−1 based on free-electron
approximation for metals. For example, typical point contact has resistance Rs ∼10
Ω, which gives a ≈ 32 nm.

Fig. C.7. A differential conductance

dI
dV

measurement setup.

In Fig. C.7, we show a schematic of our experimental setup. A DC current I with
a small superposed AC component dI (measured by lock-in amplifier on a known
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resistor in series with the point contact) is injected into the contact while the DC and
AC voltage drop (V and dV ) across the point contact is measured by a nano-voltmeter
and lock-in amplifier respectively. The differential conductance is then obtained with
dI
dV

.

C.2.2

Measurements

We show two examples of our PCS measurements with Au wire tip on metal
superconductors Nb film (Fig. C.8a) grown by sputtering and bulk indium (Fig.
C.8b). Fig. C.8(b) shows a more typical BTK behavior with double peaks near zero
bias while the Nb one (Fig. C.8a) has additional dips which might due to contact
imperfection and heating effect.

dI
as a function of DC bias voltage
Fig. C.8. The differential conductance dV
measured with Au tips in (a) Nb film and (b) bulk indium. In (b), a 30
mT magnetic field, which is above indium critical field, clearly kills the
double-peak feature due to the suppression of indium superconductivity.

We then attempt to study 3D TI Bi2 Te3 covered with thermally evaporated indium
film using Au tip as a point contact (see Fig. C.9a as an example) or pristine Bi2 Te3
using superconducting indium flake contacts (see Fig. C.9b as an example, sample
prepared by the method shown in Fig. C.6d). In multiple samples we keep observing
a single zero-bias peak, which is typically considered as a hint of unconventional su-
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perconductivity [155]. Unfortunately, it is difficult for us to draw definite conclusions
on the observation of any topological superconductivity because so far the measurements suffer from reproducibility and complexity in some of the features. Heating
and contact roughness might play some important roles here. More systematic work
and understanding of the data is needed for future studies.

dI
Fig. C.9. The differential conductance dV
as a function of DC bias voltage
measured with Au tips at different temperatures in (a) MBE grown Bi2 Te3
covered with 10-nm thick indium and (b) bulk indium.
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